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ABSTRACT
GONADAL HISTOLOGY AND REPRODUCTIVE STEROIDOGENESIS IN 
ANURANS EXPOSED TO POTENTIAL ENDOCRINE DISRUPTING
CONTAMINANTS
by
Emily May LaFiandra 
University of New Hampshire, May, 2006 
The prevalence of malformed amphibians and the association of high incidences 
of malformation with the presence of environmental contaminants have raised questions 
about the effects of environmental contaminants on the development of larval 
amphibians. The potential endocrine disrupting effects of pesticides suggest that the 
reproductive and developmental abnormalities observed in larval anurans may be due at 
least in part to impacts on the hypothalamic-pituitary-gonadal axis. The present studies 
investigate the effects of exposure to environmental contaminants including DDT and 
atrazine on the development, gonadal histology and reproductive steroidogenesis of larval 
anurans.
As previous monitoring at Great Bay National Wildlife Refuge (NWR), 
Newington, New Hampshire documented incidences of amphibian malformations at four 
sites contaminated with potentially endocrine active compounds, the present study 
utilized in situ exposures and laboratory toxicology experiments to determine if 
contaminants present in the sites affect amphibian development. Five intersex/mixed sex 
animals were produced in the enclosure experiment. Reproductive development and
xiv
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steroidogenic capacity of male metamorphs from Reference Beaver Pond were more 
advanced relative to males from the other sites. In the laboratory sediment exposure 
experiment, reproductive development was altered by contaminants present in the 
sediments and the degree of alteration was related to nominal DDT concentrations. The 
proportion of animals exhibiting testicular oocytes increased, whereas androgen 
concentrations and the proportion of gonadal tissue exhibiting advanced stages of 
spermatogenesis decreased as DDT concentration increased. This work indicates that 
environmental contaminants may alter reproductive development.
The potential for atrazine to alter the development, gonadal histology, and 
reproductive steroidogenesis of two species of anurans was investigated in two laboratory 
experiments. Exposure to atrazine increased tadpole growth and developmental rates for 
Hyla versicolor, but not for Rana pipiens, whereas atrazine exposure did not result in 
altered gonadal development for either species. None of the H. versicolor metamorphs 
exhibited gonadal abnormalities, while testicular oocytes occurred in R. pipiens 
metamorphs from all treatments, including the controls. Suggesting that testicular 
oocytes may be a natural ontogenetic occurrence in some species. Establishing the 
normal pattern of anuran reproductive development is necessary to clarify the effects of 
endocrine disrupting contaminants.
xv
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INTRODUCTION
Following the discovery of hundreds of leopard frogs in Minnesota with various 
hindlimb malformations, the number of abnormal frogs being reported has increased 
dramatically (Loeffler et al. 2001). Although abnormalities likely occur at a background 
rate of up to 2% in most amphibian populations (Read and Tyler 1994, Ouellet 2000), 
recently an increasing number of populations have been reported to have abnormality 
rates that are higher (>5%) (Carey et al. 2003). Regardless of what one considers the 
historic or normal rate of abnormalities, the rate of abnormalities reported today is high. 
In surveys of amphibians in Minnesota between 1995 and 1996, 13,763 Rana pipiens 
(Northern leopard frog) were examined and 900 abnormal animals were found, resulting 
in a rate of 6.5% (Garber et al. 2001). This is in sharp contrast to the 0.2% rate of 
abnormal amphibians in Minnesota prior to the mid-1990s (Garber et al. 2001). 
Abnormality rates of 10% have been reported at some sites, and rates as high as 60-80% 
have been reported for some populations of amphibians (Gardiner and Hoppe 1999, 
Ouellet 2000).
Developmental abnormalities can interfere with swimming, hopping, foraging, 
and predator avoidance, potentially affecting survival (Ouellet et al. 1997). The negative 
impacts of abnormalities on amphibian survival may be indicated by the high prevalence 
of abnormalities in metamorphs and the low frequency at which abnormalities are found 
in adults, which suggests that few abnormal juveniles survive to adulthood (Ouellet et al. 
1997, Ouellet 2000, Carey et al. 2003). In most cases where abnormality rates are
1
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moderate, the resulting mortalities are likely masked by normal variations in recruitment 
levels. In cases where abnormality rates are exceptionally high the resulting mortalities 
may contribute to local population declines, especially in already threatened populations. 
Determining the role amphibian abnormalities play in the observed decline of amphibians 
is hampered by the absence of high quality data on normal amphibian population 
dynamics (Burkhart et al. 2000). However, amphibian abnormalities may represent a 
contributing factor in the decline of amphibians and thus their cause warrants 
investigation.
Experimental induction of amphibian malformations has indicated that 
environmental agents, biological or chemical, are responsible for the occurrence of 
malformed amphibians (Garber et al. 2001). Numerous factors have been proposed as 
causative agents of amphibian limb abnormalities, however, trauma, trematodes, 
retinoids, environmental contaminants, and UV-B radiation have emerged as the leading 
hypotheses (Carey et al. 2003). As the types of abnormalities that occur in free-living 
amphibians include a broad range of phenotypes that seem to cluster within populations 
of frogs, it is logical to conclude that there is no one universal causative agent. It is more 
likely that multiple causal agents in varying combinations, proportions, exposure times, 
and sequences are acting on different developmental stages to produce the range of 
observed phenotypes (Meteyer et al. 2000).
Although no single cause can explain all cases of amphibian abnormalities as the 
cause(s) likely differ among sites, reports of hindlimb abnormalities occurring at high 
rates in wild populations of anurans in agricultural habitats that are exposed to pesticide 
run-off (Ouellet et al. 1997) have contributed to the hypothesis that environmental
2
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contaminants may be an important contributing factor in amphibian abnormalities. 
Controlled exposures in the laboratory have lent credence to this hypothesis. The 
mechanisms by which environmental contaminants induce limb malformations have not 
yet been clearly established; however, endocrine disruption has been implicated (Ouellet 
2000, Sower et al. 2000, Loeffler et al. 2001).
Although the direct toxic effects of environmental contaminants have long been 
implicated in the global decline observed in amphibians over the last decade, the role of 
more subtle and long-term effects such as behavioral, developmental, and hormonal 
changes in this decline has only recently come into question. Many environmental 
contaminants can mimic hormones and alter the development and function of the 
endocrine system. Field surveys and exposure of organisms to environmental chemicals 
in the laboratory are providing evidence that developmental processes in amphibians are 
indeed altered by endocrine disrupting contaminants (EDCs).
As the process and timing of sexual maturation are under hormonal control, the 
developing reproductive system provides another avenue for disruption of amphibian 
development by environmental contaminants. As subtle effects such as hormonal 
dysfunction are not included in traditional toxicological testing, there is little information 
on the effects of EDCs on reproductive system development and functioning in 
amphibians. The impacts of EDCs on gonadal differentiation in anurans have largely 
been investigated in terms of sex reversal. Sex reversal is not only the most obvious 
indication of disruption of sexual differentiation, but may also be the most ominous effect 
as this may alter primary sex ratios and has the potential to reduce recruitment and 
decrease amphibian populations. Since detection of sex reversal is difficult in the field,
3
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much of the work on the effects of EDCs on primary sexual differentiation has been done 
in the laboratory (Crain et al. 1999, Ohtani et al. 2000, Tavera-Mendoza et al. 2002a). A 
limited number of field studies have demonstrated alterations in sexual differentiation 
(Reeder et al. 1998, Hayes et al. 2003); however, the ability to attribute these changes to 
EDCs is limited. Although it is believed that EDCs impact sexual differentiation and 
reproductive function by altering the normal endocrine environment, the mechanisms of 
this disruption are not well understood (Sparling et al. 2000).
The available data on the alteration of reproductive development by exogenous 
hormones indicate that an increasing prevalence of hermaphroditic or abnormal 
amphibians in the wild may be indicative of endocrine disruption by xenobiotics. The 
increasing prevalence of xenobiotics in the environment, as well as the potential 
contamination of drinking water with these substances, have raised considerable concern 
for the potential threats to both wildlife and human health. Although the precipitous 
declines observed in some amphibian populations over the last few decades have not 
been conclusively linked to endocrine disruption by xenobiotics, the potential for such 
impacts cannot be ignored. In addition, amphibians may be serving as harbingers of 
grave human health problems facing society. Thus, understanding how EDCs alter 
amphibian development may have benefits far beyond conserving amphibian populations.
Obiectives
The objectives of this project were to investigate the effects of exposure to 
environmental contaminants such as DDT and atrazine on the survival, growth, 
development, gonadal histology, and reproductive steroidogenesis of larval anurans. This 
project utilized an integrated approach that included field surveys, in situ exposures using
4
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field enclosures, and laboratory investigations. The objectives of the enclosure study 
were to determine if exposure to environmental contaminants in the water and/or 
sediments at Great Bay National Wildlife Refuge affect survival, % metamorphosis, time 
to metamorphosis, abnormality prevalence, gonadal development, and steroidogenesis. 
The field enclosures allowed for exposure of experimental animals to the contaminants 
present in the environment under relatively natural environmental conditions, while 
allowing for controlled competition and predation regimes, controlled genetic mixtures of 
animals, as well as repeated sampling of individuals throughout development. The 
enclosure study specifically addressed whether the development and endocrine function 
of anurans were different when tadpoles were restricted to the water column and were 
thus exposed to contaminants found only in the water versus when tadpoles were also 
given access to the sediments and are exposed to contaminants found there.
The laboratory portion of this study focused on the effects of known 
concentrations of two common environmental contaminants, DDT and atrazine, on the 
development of larval anurans. The effects of DDT and other contaminants present in 
sediments at Great Bay Wildlife Refuge on the development and reproductive function of 
anurans were investigated in a laboratory experiment in which larval anurans were 
exposed to sediments from the refuge as well as sediments spiked with DDT. In addition 
to documenting the effects of atrazine on anuran development and reproductive histology 
and endocrinology, the interaction between predator-induced stress and atrazine was also 
investigated. The additional stress associated with the presence of a predator can increase 
the toxicity of pesticides (Relyea and Mills 2001, Relyea 2003, 2004, 2005); however, a 
synergistic interaction between predatory stress and atrazine has not been investigated.
5
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The objectives of the laboratory studies were to document the effects of known 
concentrations of contaminants under controlled conditions as well as provide evidence 
as to whether the abnormalities documented in the field are likely a result of exposure to 
these environmental contaminants.
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CHAPTER 1
GONADAL HISTOLOGY AND REPRODUCTIVE STEROIDOGENESIS OF 
ANURANS EXPOSED TO ENVIRONMENTAL CONTAMINANTS USING FIELD
ENCLOSURES
Introduction
The alarming decline in regional and global amphibian populations (Wake 1991, 
Alford and Richards 1999, Houlahan et al. 2000) and the increasing prevalence of 
malformed amphibians (Meteyer et al. 2000, Ouellet 2000) have prompted concern over 
the status of many amphibian species. Several causal agents have been suggested as 
contributing factors in the decline of amphibian populations and the appearance of 
malformations, including habitat loss, acid precipitation, climate change, increased 
ultraviolet B radiation, disease, parasites, and environmental contaminants (Blaustein and 
Wake 1995, Daszak et al. 1999, Sparling 2002, Carey et al. 2003, Little et al. 2003). The 
number of suspected causal agents and the potential for interactions among these factors 
have hindered attempts at establishing causality. Modification of the effects of presumed 
causal agents by other environmental variables as well as differences in the suite of 
suspected causal agents among sites experiencing high rates of malformations and 
declining amphibian populations have further confounded research efforts. Attempts to 
simplify research efforts have led to a disconnect between laboratory studies 
investigating potential causal agents and field studies documenting effects. Intensive 
studies conducted at the local population level have been suggested as a means to
7
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establish cause-effect relationships (Fort and McLaughlin 2003). Establishing an effect 
on the local population and identifying the factors causing this effect require a 
combination of field and laboratory studies. Field surveys and examination of field- 
collected specimens as well as in situ exposure studies are useful in establishing local 
population effects (Fort and McLaughlin 2003). To that end, in 1997 the U.S. Fish and 
Wildlife Service began documenting the prevalence of abnormalities in frogs collected 
from National Wildlife Refuges (Eaton-Poole et al. 2003).
The prevalence of abnormal amphibians in surveys of National Wildlife Refuges 
in the Northeast conducted from 1999 through 2001 ranged from 0 to 15% (Eaton-Poole 
et al. 2003). As a result of these surveys, concerns were raised regarding the high 
incidence of abnormalities found at Great Bay National Wildlife Refuge, Newington, 
New Flampshire. The prevalence of abnormalities at this refuge ranged from 0% to 15%, 
and fluctuated among sites and among sampling periods (Eaton-Poole et al. 2003). 
Disease outbreaks, fluctuating population levels, and delayed metamorphosis have also 
been documented at sites on this refuge (Eaton-Poole et al. 2003). Great Bay NWR was 
created in 1992 following a land transfer from Pease Air Force Base (AFB). In 1990 the 
US Environmental Protection Agency (US EPA) designated Pease AFB as a Superfund 
National Priorities List site based on concerns over the levels of trichloroethylene and 
nitrate in the ground water and sediment contamination with polynuclear aromatic 
hydrocarbons (PAHs), metals, and pesticides (ATDSR 1999, Pinkney et al. 2005). The 
amphibian surveys conducted at Great Bay NWR raised questions regarding the possible 
link between the amphibian abnormalities observed at this refuge and the environmental 
contaminants present in the water and sediments.
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Contaminant analyses of sediments collected from one site (Ferry Way) at Great 
Bay NWR identified DDT and its metabolites as contaminants of concern (Pinkney and 
Eaton-Poole 2001, Eaton-Poole et al. 2003, Pinkney et al. 2005). The total concentration 
of DDT compounds (8.11 to 32.81 pg/kg dry weight) was above the threshold effect 
concentration (5.28 pg/kg) reported for benthic organisms (MacDonald et al. 2000). 
Although the effect thresholds are not known for amphibians, many species of tadpoles 
inhabit the sediment-water interface and several species are thought to ingest sediments 
while foraging (Wright and Wright 1995), indicating that sediment-borne contaminants 
could have adverse effects on larval amphibians. The potential for sediment-bome 
contaminants to have adverse effects on amphibians was supported by FETAX (Frog 
Embryo Teratogenesis Assay -  Xenopus) studies conducted with sediments and/or water 
collected from Great Bay NWR in which slight malformations and decreased survival 
and delayed metamorphosis were reported for exposed tadpoles (Turley et al. 2003).
The mechanisms by which environmental contaminants alter amphibian 
development and induce limb malformations have not yet been clearly established. 
However, endocrine disruption, including disruption of the hypothalamic-pituitary- 
thyroid and hypothalamic-pituitary-gonadal axes has been implicated. Exogenous 
estradiol and pesticides with anti-thyroid activity have been shown to interfere with 
normal limb development and induce limb malformations (Fort et al. 1999, Hayes 2000). 
Although limb abnormalities were not observed in the Great Bay FETAX study, the 
inhibited or delayed metamorphosis may indicate that contaminants present in the 
environment are resulting in thyroid dysfunction (Turley et al. 2003, OECD 2004). The 
potential role of endocrine disruption in amphibian malformations at Great Bay NWR is
9
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further supported by the work of Sower et al. (2002) in which amphibians from Great 
Bay NWR with limb abnormalities also had altered hormone levels. Brain gonadotropin- 
releasing hormone (GnRH) concentrations and production of androgens by the gonads 
were reduced in animals with limb abnormalities relative to animals without limb 
abnormalities (Sower et al. 2000). Although this study did not investigate the 
mechanisms by which the endocrine system was disrupted or how this disruption might 
have affected limb development, it did provide the first link between endocrine disruption 
and amphibian abnormalities. Many of the animals in this study, including those with no 
apparent abnormalities, demonstrated abnormalities in the development of reproductive 
tissues. These results indicate that the amphibians at Great Bay NWR may be 
experiencing impaired reproductive function and suggest that the environmental 
contaminants at Great Bay NWR may be having more profound affects on amphibian 
populations than is immediately apparent in field surveys.
This prompted more intensive investigations of the effects of environmental 
contaminants present in the sediments and water at Great Bay NWR on amphibians.
The present study utilized in situ exposures to determine if environmental 
contaminants in the water and/or sediments at Great Bay NWR affect survival, % 
metamorphosis, time to metamorphosis, external abnormalities, gonadal development, 
and reproductive steroidogenesis of larval anurans. In situ exposure allows for the 
exposure of experimental animals to the contaminants under natural environmental 
conditions while eliminating the effects of predation. Field enclosures also allow for 
assessment of development and survival rates through repeated examination of the same 
individuals. It also allows for direct comparison among reference and contaminated sites
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as the test organisms used are drawn from the same genetic mixture, exposed during the 
same time interval, and subject to the same or similar levels of competition. This study 
was also designed to allow for determination of the effects of sediment-borne 
contaminants relative to water-born contaminants through the use of enclosures designed 




This experiment was conducted at four sites (Ferry Way, Beaver Pond, Lower 
Peverly, and Stubbs Pond) at Great Bay NWR. For each site, 10 experimental enclosures 
were installed such that five replicates of the two treatments (water column and sediment 
vs. water column only) were situated along the shoreline (approximately 75 cm water 
depth) in a spatial array of five blocks. Enclosures consisted of pre-fabricated floating 
nylon fish bags (30.5 cm X 91.4 cm with 0.5 cm square mesh) wrapped in 0.2 cm square 
mesh plastic netting. Enclosures for the water column only treatment were secured in the 
sediment such that the mesh screen on the bottom of the net was approximately 0.2 m 
above the sediment surface to limit access to the sediments. For the treatment allowing 
access to the sediments, the bottom of the net was removed and the edges buried into the 
sediments to a depth of approximately 15 cm to allow access to the sediment while 
preventing escape. Enclosures were stocked on May 11, 2004 with 20 Rana sylvatica 
(wood frog) tadpoles [stage 25 (Gosner 1960); 0.08 ± 0.03 g] drawn from a well-mixed 
pool of tadpoles hatched in the laboratory from six egg masses collected from local 
wetlands. Mortality and development were monitored on a 10-day interval by removing
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all of the surviving tadpoles from each enclosure using a minnow net. When 
metamorphosis [front limb emergence, stage 42; (Gosner I960)] was imminent, 
enclosures were monitored on a daily basis and all metamorphs were collected, weighed, 
snout-urostyle length measured, and all deformities noted. Metamorphs were held in 
individual containers and maintained on a diet of fruit flies and crickets for one month to 
allow the animals time to reach a size suitable for dissection. Metamorphs were then 
chilled on ice and euthanized by rapid decapitation.
Laboratory analysis
Gonad tissue was removed for bioassay to determine the in vitro steroidogenic 
capacity of the tissue. The paired gonads were placed in a well of a 24-well plate 
containing 500 pL of pre-incubation media (Krebs-Ringer Bicarbonate solution at pH 7.3 
with Penicillin/streptomycin). Tissues were incubated for 30 minutes at 18°C. The pre­
incubation media was then removed and replaced with 500 pL culture media 
supplemented with pregnenolone (127 ng/mL media). Following 24 hours of incubation 
at 18°C, the media were collected and stored at -80°C until extracted and assayed for 
androgens and estradiol by radioimmunoassay (RIA) following the procedures described 
in Sower and Schreck (1982) and Sower et al. (1983). I used antiestradiol-17(3 (S-244) at 
a dilution of 1:85,000 for estradiol-17(3 and the antisera 11-BSA (antitestosterone) at a 
dilution of 1:80,000 for androgens, both obtained from G. Niswender (Colorado State 
University, Fort Collins, CO). The testosterone antibody cross-reacts with testosterone 
(100%) and dihydrotestosterone (69%), thus total androgen concentrations are reported. 
The lower limit of detection was 0.4880 pg/0.1 mL for both assays. The intraassay and 
interassay coefficients of variation were 0.073 and 0.214, respectively for the estradiol
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RIA and 0.093 and 0.343, respectively for the androgen RIA. The antibody efficiency 
ranged from 30% to 35% in the estradiol assays and from 18% to 22% in the androgen 
assays.
Following incubation, ovaries were removed from the culture media, blotted dry 
and weighed. Testes were not weighed as their mass was too low to be accurately 
measured and handling during weighing was likely to result in damage or loss of the 
tissue. Both gonads from each animal were preserved in Bouins solution for 24 hours 
and were then embedded in paraffin. Tissues were sectioned (8pm) and histology slides 
prepared and stained using hematoxylin and eosin. All slides were number coded to 
remove treatment identification and allow for blind evaluation of gonadal histology. All 
tissue sections from each gonad were examined for abnormalities and to determine 
histological sex. Gonadal development was evaluated for two sections of each gonad at 
500 times magnification using an Olympus BH-2 microscope as described in Sretarugsa 
et al. (2001), Oliveira et al. (2002), Manochantr et al. (2003), Tsai et al. (2003), Wolf et 
al. (2004), and Tsai et al. (2005). The proportion of the gonad section in each stage of 
oogenesis or spermatogenesis was visually estimated. A single observer evaluated all 
histology to eliminate inter-observer differences in visual estimates.
Brains were also removed, flash frozen in liquid nitrogen, and stored at -80°C 
until extraction, purification by HPLC, and radioimmunoassay for mammalian GnRH. 
Brains were extracted as described by Yu et al. (1987) and Fahien and Sower (1990).
The brain extract was filtered using an ACRO LC 13 (0.45 pm) filter and then eluted on 
an HPLC system following the methods of Fahien and Sower (1990), Calvin et al.
(1993), and Conlon et al. (1993). The extract was injected into a 20 pL loop on a Perkin-
13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Elmer HPLC system with a Pecosphere 3CR C l8 (0.46 x 8.3 cm) reverse-phase column. 
The isocratic phase was a solution comprised of 7.40 g ammonium acetate and 3.04 g 
citric acid in 1 L of 19% acetonitrile in water (final pH adjusted to 4.6 with phosphoric 
acid) (Stoppa et al. 1988). The flow rate was 2 mL/min and fractions (600 pL) were 
collected every 18 seconds for the first 13 fractions.
Preliminary tests indicated that GnRH levels in R. sylvatica metamorph brains 
were below the level of detection of the assay. As a result brains were pooled based on 
treatment, histological sex, and the presence or absence of external deformities into 
groups of ten or more brains when possible. I determined brain GnRH concentrations by 
RIA following the methods of Stoppa et al. (1988), Fahien and Sower (1990), and Conlon 
et al. (1993) using synthetic mammalian GnRH as the radioiodinated tracer (Perkin- 
Elmer, Boston, MA) and standard (Peninsula Laboratories, Belmont, CA). The antiserum 
was used at a concentration of 1:100,000 (R1245; from T. Nett, Colorado State 
University, Fort Collins, CO). The antibody binding ranged from 25% to 30%, and the 
intraassay and interassay coefficients of variation were 0.124 and 0.176, respectively. 
Calculations and statistical analyses
Tadpole survival was calculated as the proportion of tadpoles from each cage 
surviving to the time of dissection. Percent metamorphosis was calculated as the 
proportion of tadpoles from each cage that reached Gosner stage 42 (Gosner 1960).
Larval period and age were calculated as the number of days between the start of the 
experiment and front limb emergence (Gosner stage 42) and dissection, respectively. 
Proportion data for deformities and sex were calculated relative to the number of animals
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from each cage for which the data were available rather than the total number of tadpoles 
in the tank to avoid artificially reducing proportions.
Statistical tests were conducted on cage means for parameters that are not sex- 
specific (mass, larval period, deformities), whereas parameters that are sex-specific 
(reproductive steroidogenesis, gonadal histology, gonad mass) were tested for statistical 
differences based on means for each sex from each cage. All proportion data (survival, 
metamorphosis, deformed, sex, gonad composition) were arcsine-square root transformed 
while endocrinology data were log transformed prior to analyses (Zar 1996). Separate 
multivariate analyses (MANOVAs) were conducted for growth/developmental 
parameters and endocrinology/histology measurements. The univariate responses were 
used to identify which response variables were responsible for any overall differences 
found in the MANOVAs. Tukey’s multiple comparison tests were used to determine 
which treatments differed from one another (Tabachnick and Fidell 1996). As a result of 
the pooling of brains for GnRH detection these data do not correspond to tank means and 
were analyzed separately. SPSS 11.0 statistical package was used for all statistical 
analyses.
Results
Growth and development of tadpoles exposed in situ to environmental 
contaminants differed among the four sites at Great Bay NWR (Wilks’ lambda F2 7 ,47.371 = 
18.565, P < 0 .0 0 1 ), but did not differ among tadpoles given access to the sediments and 
those restricted to the water column (Wilks’ lambda F9j ]6  = 0.527, P = 0.834) (Table 1). 
The proportion of tadpoles reaching metamorphosis was highest at Beaver Pond (74.5%) 
followed by Lower Peverly Pond (69.5%) and Ferry Way Pond (68.5%) and did not
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differ significantly among these three sites (Figure 1). The proportion of tadpoles 
reaching metamorphosis at Stubbs Pond (23.0%) was significantly reduced relative to 
Lower Peverly Pond (Tukey HSD P = 0.024) and Beaver Pond (Tukey HSD P = 0.045) 
(Figure 1). Survival was highest at Lower Peverly Pond (39.0%) and was intermediate at 
Beaver Pond (34.5%) and Ferry Way Pond (26.0%), and did not differ significantly 
among these sites (Figure 1). Survival at Stubbs Pond (4.5%) was reduced relative to the 
remaining three sites, but this difference was only statistically significant relative to 
Lower Peverly Pond (Tukey HSD P = 0.025) (Figure 1).
The length of the larval period and metamorph mass and snout-urostyle length 
also differed among sites (Table 1, Figure 2). The larval period was significantly longer 
at Beaver Pond relative to the other three sites (Tukey HSD P < 0.001, Tukey HSD P < 
0.001, and Tukey HSD P < 0.001), with tadpoles taking an average of 73 days to reach 
metamorphosis (Figure 2). Larval period was 44, 45, and 46 days at Stubbs Pond, Ferry 
Way Pond, and Lower Peverly Pond, respectively and did not differ significantly among 
the three sites (Tukey HSD P = 0.998, P = 0.999, and P = 0.963). The snout-urostyle 
length of the resulting metamorphs was greatest at Stubbs Pond (13.49 mm), which did 
not differ significantly from Ferry Way Pond (13.40 mm) (Tukey HSD P = 0.993) or 
Lower Peverly Pond (12.92 mm) (Tukey HSD P = 0.322). Metamorphs from Beaver 
Pond (11.21 mm) were significantly smaller than those from the other three sites (Tukey 
HSD all comparisons P < 0.001). Metamorphs from Beaver Pond (11.2 g) also weighed 
significantly less than metamorphs from the other sites (Tukey HSD all comparisons P < 
0.001). Metamorph mass was greatest at Stubbs Pond (13.5 g) followed by Ferry Way 
Pond (13.4 g) and Lower Peverly Pond (12.9 g).
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The proportion of metamorphs exhibiting external abnormalities differed among 
sites (P < 0.001) such that the greatest percentage of abnormal animals was found at 
Beaver Pond (6 6 .6 %) and the least at Ferry Way Pond where no abnormal metamorphs 
were found (Figure 1). The number of abnormal metamorphs at Beaver Pond was 
significantly higher than the number found at the remaining three sites (Tukey HSD all 
comparisons P < 0.001). The proportion of abnormal metamorphs at Stubbs Pond 
(16.7%), Lower Peverly Pond (7.2%), and Ferry Way Pond (0%) did not differ 
significantly from one another (Figure 1). The types of abnormalities observed differed 
among the sites. Abnormal formation of the femur with improper leg positioning was the 
predominant abnormality found at Beaver Pond. This abnormality was accompanied by 
impaired hopping ability as the affected leg often remained outstretched and would drag 
behind the animal during hopping. This may have been due to a physical abnormality or 
may have been due to a neurological problem. Representative animals were sent for 
radiography to clarify this issue. Front limb brachydactyly was found at both Lower 
Peverly Pond and Stubbs Pond, but was found more often at Lower Peverly Pond. Hind 
limb brachydactyly occurred in a small percentage of animals from Beaver Pond and 
Lower Peverly Pond.
The proportion of metamorphs that were male, female, or intersex did not differ 
significantly among sites (Table 1, Figure 3). At Ferry Way Pond and Lower Peverly 
Pond the ratio of females to males was less than 50:50, whereas, at Beaver Pond the ratio 
of females to males was slightly higher than 50:50. At Stubbs Pond the expected 50:50 
ratio occurred (Figure 3). Lower Peverly Pond, Beaver Pond, and Stubbs Pond each had 
an individual with a normal ovary on one side and a normal testis on the other. Two
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additional individuals from Lower Peverly Pond and Stubbs Pond identified as males on 
gross examination had testicular oocytes.
Reproductive development and steroidogenesis did not differ significantly among 
sites for females and males (Wilks’ lambda Fe,42 = 1.490, P = 0.205, Wilks’ lambda Fis, 
44.570 = 1.798, P = 0.066, respectively). Access to the sediments also did not significantly 
affect the measured reproductive parameters for females or males (Wilks’ lambda F4 , 19 = 
0.920, P = 0.473, Wilks’ lambda F7; 14 = 0.573, P = 0.767, respectively) (Table 2). There 
was, however, a significant interaction effect (Wilks’ lambda F 12,50.561 = 2.567, P = 
0.010) for females. Female gonads from all of the sites were comprised entirely of 
perinuclear oocytes (PERI) and thus there were no differences in gonadal development 
among sites for females. The proportion of the male gonad comprised of spermatogonia 
(SPG) and primary spermatocytes (SPC1) differed among sites (P = 0.010 and P = 0.011, 
respectively) such that gonads from Beaver Pond were comprised of a higher proportion 
of primary spermatocytes and a lower proportion of spermatogonia than gonads from 
Stubbs Pond (Tukey HSD P = 0.099), Ferry Way Pond (Tukey HSD P = 0.012), and 
Lower Peverly Pond (Tukey HSD P = 0.031) (Figure 4). Male gonads from Ferry Way 
Pond and Stubbs Pond were comprised entirely of spermatogonia, while a small 
proportion of the gonads from Lower Peverly Pond had advanced to the primary 
spermatocyte stage (Figure 4). Although metamorphs were dissected approximately 38 
days after metamorphosis for all sites, the extended larval period encountered at Beaver 
Pond resulted in the age of the metamorphs at the time of dissection being considerably 
greater at Beaver Pond (123 days) than at the other sites (84, 85, 91 days). As a result
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there was a positive correlation between gonadal development and age at sampling 
(Pearson r = 0.440, P = 0.017).
Impacts on the functioning of the reproductive system were also evident in the 
steroidogenic capacity of the gonads (Table 2). The production of estradiol by male 
gonads differed significantly (P = 0.013) among sites. Male metamorphs from Beaver 
Pond (0.739 pg/O.lmL) had the lowest concentration of estradiol, which was only 
significantly lower than production by males from Ferry Way Pond (1.33 pg/O.lml; 
Tukey HSD P = 0.028). Estradiol concentrations were highest for Stubbs Pond 
metamorphs (1.57 pg/O.lmL) and intermediate for Lower Peverly Pond (0.920 pg/O.lmL) 
(Figure 5a). Androgen production by males also differed significantly among sites (P = 
0.023); however, the interaction with sediment treatment was also significant (P = 0.017) 
(Table 2). Production of androgens by male gonads was highest at Beaver Pond (40.50 
pg/0. lmL) and lowest at Ferry Way Pond (30.26 pg/0. lmL). Lower Peverly Pond (35.26 
pg/O.lmL) and Stubbs Pond (33.27 pg/O.lmL) produced intermediate androgen 
concentrations (Figure 5b).
The significant interaction effect (Wilks’ lambda F(,, 42 = 4.346, P = 0.002) found 
for reproductive hormone production by females was due to the effects of the sediment 
treatment differing among sites for both estradiol (P = 0.003) and androgen (P = 0.053) 
concentrations. At Ferry Way Pond and Lower Peverly Pond the production of estradiol 
was greater for animals given access to the sediments relative to those restricted to the 
water column, whereas the reverse pattern was true for Beaver Pond and Stubbs Pond 
(Figure 6 a). Production of androgens by female gonads was higher for animals given 
access to the sediments relative to those restricted to the water column for Lower Peverly
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Pond and Stubbs Pond (Figure 6 b). At Ferry Way Pond and Beaver Pond, however, 
production of androgens was higher for females restricted to the water column (Figure 
6 b).
The significant interaction effects for female reproductive hormone production 
were driven by the pattern observed at Stubbs Pond and may not be indicative of a true 
effect as, owing to the low survival at Stubbs Pond, the data are from one and two 
metamorphs for the closed and open treatments, respectively. As such, patterns of 
hormone production irrespective of sediment treatment may be more instructive. Overall, 
estradiol production was highest at Stubbs Pond (1.52 pg/0.lmL) and lowest at Lower 
Peverly Pond (1.20 pg/0. lmL). Females from Ferry Way Pond (1.36 pg/0. lmL) and 
Beaver Pond (1.43 pg/0. lmL) produced intermediate concentrations of estradiol.
Overall, androgen production by female gonads was highest at Beaver Pond (7.83 pg/0.1 
mL) followed by Lower Peverly Pond (7.12 pg/0.lmL), Ferry Way Pond (5.42 
pg/0. lmL), and was lowest at Stubbs Pond (4.39 pg/0. lmL).
Reproductive steroidogenesis for intersex animals with both female and male 
gonads was intermediate between that of males and females for both estradiol (0.953 
pg/0. lmL) and androgens (29.49 pg/0. lmL), likely as a result of both gonads being 
incubated together. The animals with testicular oocytes, however, had male-like 
androgen concentrations (29.49 pg/0. lmL), but did not produce detectible amounts of 
estradiol.
Brain GnRH concentrations differed significantly among sites (F 4; n = 4.733, P = 
0.018) and among sexes (female, male, intersex, hermaphrodite) (F 3, n = 118.354, P < 
0.001). Metamorphs from Lower Peverly Pond had significantly lower brain GnRH
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concentrations (0.143 pg/brain) than did those from Beaver Pond (3.76 pg/brain) and 
Stubbs Pond (5.06 pg/brain) (Tukey HSD P = 0.031 and P = 0.048, respectively). GnRH 
concentrations in metamorphs from Ferry Way Pond were intermediate (0.565 pg/brain) 
and did not differ significantly from the other sites (Figure 7). Although GnRH 
concentrations did differ significantly among the sexes, this was not due to differences 
among males (2.18 pg/brain) and females (2.27 pg/brain) (Tukey HSD P = 0.809), but 
was due to GnRH concentrations in intersex and hermaphroditic metamorphs. 
Metamorphs with testicular oocytes (grouped for all sites) did not have detectable 
amounts of brain GnRH, whereas metamorphs with both an ovary and a testis (grouped 
for all sites) had very high concentrations of GnRH (42.27 pg/brain).
Discussion
In situ exposure of R. sylvatica tadpoles to environmental contaminants at four 
sites at Great Bay National Wildlife Refuge demonstrated differences in the effects on 
growth, development, and reproductive development and function among sites. The 
differences among the sites could be due to a suite of environmental parameters that 
differ among the sites acting singly or in concert. Although the sites are within a 
relatively small geographic area, they represent varying types of habitats, hydrologic 
regimes, and have different contaminant levels. These site differences may make it 
difficult to definitively attribute the observed effects to particular contaminants or 
environmental parameters; however, comparisons with associated laboratory experiments 
may be instructive.
The most conspicuous growth and development results of this study were the high 
mortality rate at Stubbs Pond and the extended larval period at Beaver Pond. The low
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survival rate at Stubbs Pond was similar to what was observed in tadpoles exposed in the 
laboratory to sediments collected from Stubbs Pond (see Chapter 2). However, unlike the 
laboratory experiment, in the present enclosure study the percent metamorphosis was also 
low as most of the animals died as tadpoles rather than after metamorphosis. In field 
surveys at Stubbs Pond, few if any metamorphs have been found despite repeated and 
intensive sampling (Babbitt unpublished data), indicating that this pond is either not used 
by breeding anurans (although they have been observed at the site) or the survival of wild 
tadpoles and metamorphs is also limited. In both the laboratory sediment exposure and 
the field enclosure study percent metamorphosis and survival were similar among Ferry 
Way and Beaver Pond. The extended larval period and reduced metamorph size at 
Beaver Pond in the enclosure study was not evident in the laboratory sediment exposure 
experiment, indicating that other environmental cues such as resource availability or 
water temperature may have been responsible for this effect. Water temperatures at 
Beaver Pond, however, were the highest recorded for the four sites during this 
experiment, which should accelerate development (Table 3).
The external abnormalities found in R. sylvatica tadpoles reared in situ at Beaver 
Pond were not found in Rana pipiens (Northern leopard frog) tadpoles exposed to Beaver 
Pond sediments in the laboratory (see Chapter 2). This may indicate species-specific 
differences in sensitivity to environmental contaminants or may be due to contaminants 
(e.g. water-borne) present in the field that were absent in the laboratory exposure. R. 
sylvatica has been reported to be one of the least sensitive species in several toxicology 
experiments (e.g. carbaryl, glyphosate, atrazine) (Berrill et al. 1997, Bridges and 
Semlitsch 2000, Howe et al. 2004, Storrs and Kiesecker 2004), which would suggest that
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the differences between the laboratory and field exposures were not due to species- 
specific differences in sensitivity to toxicants. Additionally, Allran and Karazov (2001) 
found no differences between R. pipiens and R. sylvatica in the prevalence of external 
deformities following exposure to a pesticide (atrazine). The high incidence of external 
abnormalities in R. sylvatica metamorphs from the Beaver Pond enclosures may be 
related to the prolonged larval period experienced by these metamorphs. It has been 
suggested that species with long larval periods might be more sensitive to the effects of 
contaminants than closely related species with shorter larval periods (Snodgrass et al.
2004). Although R. sylvatica typically has a short larval period and is a relatively 
insensitive species, the extended larval period experienced at Beaver Pond might have 
resulted in enhanced sensitivity to contaminants. The relationship between species- 
specific sensitivity to contaminants and larval period might also contribute to the 
relatively high rate of external abnormalities found in field surveys at the sites at Great 
Bay NWR as the species surveyed, Rana clamitans (green frog), has a long larval period.
The different responses of R. sylvatica and R. pipiens tadpoles to contaminants 
from Great Bay NWR might also have been due to differences in the contaminants 
present in the sediments used in the R. pipiens laboratory experiment and those present in 
the in situ exposure of R. sylvatica. Water-borne contaminants present in the in situ 
exposure might have contributed to the prevalence of external abnormalities at Beaver 
Pond; however, exposure of R. pipiens tadpoles to lipid-soluble contaminants collected 
from the water at Beaver Pond using semi-permeable membrane devices (SPMDs) did 
not result in prolonged larval periods or high rates of abnormalities similar to those in the 
in situ study (Bridges unpublished data). This may indicate that the extended larval
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period and abnormalities in the enclosure experiment were due to other environmental 
factors or contaminants not collected by the SPMDs. The absence of effects following 
exposure to sediments or water from the site would suggest that the combination of 
sediment- and water-borne contaminants is necessary to produce the observe effects. In 
the present study, however, restricting tadpoles to the water column and not allowing 
access to the sediments did not have significantly different effects on tadpole growth and 
development relative to tadpoles with access to the sediments and the contaminants 
contained therein. This would suggest that other environmental parameters were 
affecting growth and development at Beaver Pond.
The extended larval period observed at Beaver Pond may have been due to low 
resource levels or high tadpole densities resulting from declining water levels decreasing 
the volume of the enclosures. Field surveys did not demonstrate a similar effect on the 
larval period of native R. clamitans during the summer in which this experiment was 
conducted (2004); however, extended larval periods were observed in this species the 
following year (2005). As R. clamitans often over-winter as tadpoles, the metamorphs 
emerging in 2005 were exposed to the same environmental conditions as the R. sylvatica 
in the present study. This suggests that the extended larval period was not an artifact of 
the enclosures, but rather was due to other environmental parameters. Although I have 
no data on the presence or absence of trematodes in these animals, the occurrence of 
abnormalities in the field but not in the laboratory may indicate that trematode infestation 
played a role. Although trematode infestation has been proposed as one of the causes of 
amphibian malformations (Johnson et al. 1999), the types of abnormalities associated 
with trematodes typically include multiple limbs or digits and mirror image duplications
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(Loeffler et al. 2001). Beaver Pond metamorphs had apparently normal limbs that were 
not positioned normally at rest and would drag during hopping. Many of these animals 
also had a bulbous protrusion in the middle of the femur or tibia/fibula which radiography 
revealed to be rounding/bending malformations. These malformations may have been 
due to disruption of the thyroid hormone axis as long bone formation is regulated in part 
by thyroid hormones (Kemp and Hoyt 1969, Bassett and Williams 2003, Galliford et al.
2005). The hind limb malformations observed in this study have not been documented 
for native R. clamitans metamorphs from this site, perhaps pointing to inter-species 
differences in responses to environmental contaminants.
Despite exposure to environmental contaminants reported to have endocrine 
disrupting abilities, the reproductive development of R. sylvatica tadpoles in this study 
appeared to be relatively unaltered. Only three hermaphrodites and two intersex animals 
were found in the 207 examined (2.4%). Although a background or normal rate of 
abnormal reproductive histology has not been established, this rate is much lower than 
would be expected if endocrine disrupting contaminants were altering reproductive 
development. The incidence of reproductive abnormalities in native anurans has been as 
high as 14% and 25% at other National Wildlife Refuges (Patuxent and Iriquois, 
unpublished data). At Great Bay NWR, however, only 2% of wild caught R. clamitans 
metamorphs had abnormal gonadal histology. This might indicate that the contaminants 
present at Great Bay NWR do not alter reproductive development; however, 11-16% of 
the R. pipiens metamorphs exposed in the laboratory to sediments collected from Great 
Bay NWR exhibited abnormal reproductive development (see Chapter 2). The high 
incidences of intersex animals at the National Wildlife Refuges previously mentioned
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were from surveys of R. pipiens and Rana utricularia (Southern leopard frog) 
metamorphs. This may indicate species-specific differences in sensitivity to endocrine 
disrupting contaminants or may reflect differences in the normal pattern of reproductive 
development. Although normal pattern of gonadal development has not been established 
for most species of anurans, the occurrence of intersex animals in the uncontaminated 
control exposures for several laboratory experiments has raised the question of whether 
an intersex phase of development is normal for more species than previously thought 
(Jooste et al. 2005).
Although the incidence of abnormal gonadal development did not differ among 
sites at Great Bay NWR, the degree of testicular development did differ among sites. 
Gonads from male metamorphs from Beaver Pond were comprised of more advanced 
stages of spermatogenesis than those from other sites. Rather than indicating effects of 
environmental contaminants, this effect likely indicates a connection between metamorph 
age and gonadal development. In this study metamorphs were held for a consistent 
period of time following metamorphosis to control for effects of metamorphic progress 
on gonadal development; however, metamorphs from Beaver Pond were older at the time 
of dissection due to the extended larval period at this site. It appears from these results 
that gonadal development is dependent on age rather than metamorphic progression. A 
similar effect was found for ovarian development of Rana catesbeiana (bullfrog) 
metamorphs that reached metamorphosis in a single season relative to those that over­
wintered as tadpoles and were thus older at metamorphosis than their counterparts 
(Chang and Hsu 1987). As thyroxine governs anuran metamorphosis and tadpoles at the 
same stage of development have the same levels of plasma thyroxine (Hsu et al. 1971),
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the authors concluded that gonadal development is independent of developmental stage 
(Chang and Hsu 1987). The authors further suggest that gonadal development is 
independent of thyroxine concentrations and is instead dependent on sex steroid hormone 
concentrations, further implicating endocrine disrupting contaminants in the disruption of 
gonadal development. Experiments designed to test effects on gonadal development thus 
need to control for differences in metamorph age to detect legitimate treatment effects.
In addition to having abnormal reproductive development, hermaphroditic animals had 
altered reproductive function. The estradiol and androgen production by hermaphrodites 
were intermediate between those of males and females, which may simply be the result of 
the combined production of an ovary and a testis. The concentration of GnRH in the 
brains of these animals, however, was considerably higher than the concentrations for 
males and females, indicating that the reproductive endocrine system was altered in the 
hermaphrodites. This is in contrast to animals with testicular oocytes, which have 
exhibited reduced brain GnRH concentrations (see Chapter 2). It appears from these 
results that the disruption of the reproductive endocrine system that produces or results 
from altered reproductive development differs among hermaphrodites and intersex 
animals.
The advanced gonadal development in males from Beaver Pond was also likely 
responsible for the differences in reproductive steroidogenesis at this site relative to other 
sites. The low estradiol and high androgen production by males from Beaver Pond likely 
reflect normal patterns of steroidogenesis in older animals. More developed testicular 
tissues are likely more endocrine active and would produce higher androgen 
concentrations (Fernandez and Ramos 2003). Estradiol and androgen production by
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males did not differ significantly among the remaining sites and gonadal development 
was similar for males from each of the remaining sites, further supporting the idea that 
patterns of steroidogenesis are dependent on developmental progression. In addition, 
female gonads in this study were all comprised entirely of perinuclear oocytes (PERI) 
and no clear differences in steroidogenesis were observed for these animals. Similar 
effects on reproductive development and function were observed for R. pipiens exposed 
to Great Bay sediments in the laboratory. Male metamorphs exposed to Beaver Pond 
sediments had slightly more developed gonads and higher androgen and lower estradiol 
concentrations than males exposed to sediments from the other sites. Reproductive 
development and steroidogenesis did not differ among sites for females (see Chapter 2). 
Additionally, both reproductive development and steroidogenesis did not differ among 
sites for male metamorphs exposed to water-borne contaminants collected at the sites at 
Great Bay NWR using SPMDs. Again, it appears that the pattern of differences in 
steroidogenesis among sites in this study were due to differences in the degree of gonadal 
development.
The results of this study indicate that the effects of exposure to contaminants in 
laboratory experiments may differ from those of in situ exposures. Environmental 
parameters such as temperature, water chemistry, UV radiation, and food availability 
have the potential to alter the effects of toxicants. While laboratory experiments are 
critical in discerning the effects of specific contaminants they may not accurately reflect 
environmental conditions and have limited power in determining the cause of 
abnormalities observed in the field. In situ exposures integrate the effects of numerous 
contaminants under natural environmental conditions, and as such the observed effects
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cannot reliably be attributed to a particular contaminant. Used in combination, however, 
laboratory experiments and in situ exposures as well as field surveys can be powerful 
tools for assessing the effects of environmental contaminants.
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Table 1. Results of the MANOVA and ANOVAs for growth and development of R. 
sylvatica tadpoles from enclosures installed at four sites at Great Bay NWR (Ferry Way, 
Lower Peverly Pond, Reference Beaver Pond, and Stubbs). The sediment treatment 
consisted of enclosures in which tadpoles were given access to the sediments and










Site 27,47.371 6.00E-03 8.565 <0.001 0.822 1.000
Sediment 9, 16 7.71E-01 0.527 0.834 0.229 0.176
Site* Sediment 27, 47.371 2.02E-01 0.278 0.226 0.413 0.797
ANOVAs
Mean Partial Observed
Source df square F P eta2 power
Asin%
metamomhosis
Site 3 1.12E-01 4.223 0.016 0.345 0.794
Sediment 1 2.20E-02 0.831 0.371 0.033 0.141
Site*Sediment 3 3.99E-02 1.510 0.237 0.159 0.347
Error 24 2.65E-02
Asin% survival
Site 3 8.84E-02 4.123 0.017 0.340 0.783
Sediment 1 1.50E-03 0.070 0.794 0.003 0.057




Site 3 2.96E-01 38.881 <0.001 0.829 1.000
Sediment 1 1.66E-02 2.175 0.153 0.083 0.294




Site 3 1.73E+03 87.247 <0.001 0.916 1.000
Sediment 1 1.48E+01 0.746 0.396 0.030 0.132
Site* Sediment 3 1.60E+01 0.808 0.502 0.092 0.198
Error 24 1.98E+01
Mass (g)
Site 3 1.87E-02 41.440 <0.001 0.838 1.000
Sediment 1 1.46E-04 0.322 0.575 0.013 0.085
Site*Sediment 3 1.18E-03 2.616 0.074 0.246 0.567
Error 24 4.51E-04
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Table 1 cont. 
Snout-urostyle
length
Site 3 9.51E+00 39.403 <0.001 0.831 1.000
Sediment 1 3.18E-02 0.132 0.720 0.005 0.064
Site*Sediment 3 8.11E-01 3.363 0.035 0.296 0.688
Error 24 2.41E-01
Asin % Female
Site 3 4.24E-02 0.273 0.844 0.033 0.095
Sediment 1 6.57E-03 0.042 0.839 0.002 0.054
Site* Sediment 3 2.26E-03 0.015 0.998 0.002 0.052
Error 24 1.55E-01
Asin % I-TO
Site 3 6.24E-03 0.683 0.571 0.079 0.172
Sediment 1 3.99E-03 0.436 0.515 0.018 0.097
Site*Sediment 3 6.24E-03 0.683 0.571 0.079 0.172
Error 24 9.14E-03
Asin % Male
Site 3 2.94E-02 0.186 0.905 0.023 0.080
Sediment 1 9.99E-03 0.063 0.804 0.003 0.057
Site* Sediment 3 8.45E-03 0.053 0.983 0.007 0.058
Error 24 1.58E-01
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Table 2. Results of the MANOVAs and ANOVAs for reproductive steroidogenesis and 
gonadal development of female, intersex, and male R. sylvatica tadpoles from enclosures 
installed at four sites at Great Bay NWR (Ferry Way, Lower Peverly Pond, Reference 
Beaver Pond, and Stubbs). The sediment treatment consisted of enclosures in which
tadpoles were given access to the sediments and enclosures that prevented access to the 










Site 6,42 0.680 1.490 0.205 0.176 0.515
Sediment 2,21 0.844 1.939 0.169 0.156 0.356
Site*Sediment 6,42 0.381 4.346 0.002 0.383 0.965
MALES
Site 15,44.570 0.271 1.798 0.066 0.353 0.801
Sediment 5,16 0.792 0.891 0.540 0.208 0.227
Site*Sediment 15,44.570 0.506 0.832 0.639 0.203 0.404
ANOVAs
Partial Observed
Source df Mean square F P eta2 power
FEMALES
Estradiol
Site 3 0.5 0.909 0.453 0.11 0.216
Sediment 1 2.124 3.858 0.062 0.149 0.468
Site* Sediment 3 3.535 6.422 0.003 0.467 0.935
Error 22 0.551
Androgens
Site 3 18.193 2.13 0.125 0.225 0.469
Sediment 1 0.399 0.047 0.831 0.002 0.055




Site 3 0.749 4.6 0.013 0.408 0.817
Sediment 1 0.152 0.937 0.345 0.045 0.152
Site* Sediment 3 2.36E-02 0.145 0.932 0.021 0.072
Error 20 0.163
Androgens
Site 3 135.307 3.952 0.023 0.372 0.749
Sediment 1 87.421 2.553 0.126 0.113 0.331
Site*Sediment 3 146.791 4.287 0.017 0.391 0.786
Error 20 34.239
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Table 2 cont.
Asin SPG
Site 3 165.965 5.115 0.009 0.434 0.859
Sediment 1 15.961 0.492 0.491 0.024 0.103
Site*Sediment 3 34.486 1.063 0.387 0.138 0.244
Error 20 32.445
Asin SPC1
Site 3 84.431 3.047 0.052 0.314 0.624
Sediment 1 1.95 0.07 0.794 0.004 0.057
Site* Sediment 3 6.197 0.224 0.879 0.032 0.085
Error 20 27.71
Asin SPT
Site 3 2.19E-02 0.84 0.488 0.112 0.199
Sediment 1 1.28E-02 0.49 0.492 0.024 0.102
Site*Sediment 3 2.19E-02 0.84 0.488 0.112 0.199
Error 20 2.60E-02
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Table 3. Summary of relevant environmental conditions for the four sites at Great Bay 















Way 20.7(3.0) 19.2(2.0) 0.029 0.002 0.287
small beaver pond 
receives drainage 
from old munitions 
area
Lower
Peverly 21.1(2.8) 20.2(2.5) 0.013 0.056 117.650
deep pond created 
by berming a small 
stream, adjacent to 
landfill
Beaver
Pond 21.7(3.1) 19.5(2.3) 0.114 0.011 0.336
small shallow 
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l-'erry W ay L ow er Peverly Beaver Pond Stubbs Pond
Figure 1. The percentage (1SEM) of R. sylvatica tadpoles from enclosures installed at 
four sites at Great Bay NWR (Ferry Way, Lower Peverly Pond, Reference Beaver Pond, 
and Stubbs) reaching metamorphosis, surviving to the time of dissection, and exhibiting 
gross external abnormalities.
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Ferry Way Lower Peverly Beaver Pond Stubbs Pond
Figure 2. The (a) larval period and (b) snout-urostyle length (1SEM) of R. sylvatica 
tadpoles from enclosures installed at four sites at Great Bay NWR (Ferry Way, Lower 
Peverly Pond, Reference Beaver Pond, and Stubbs). Letters denote statistically 
significant differences among treatment groups, as determined by Tukey HSD test (a  = 
0.05).
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Ferry W ay Lower Peverly Beaver Pond Stubbs Pone
Figure 3. The percentage (1SEM) of R. sylvatica metamorphs from enclosures installed 
at four sites at Great Bay NWR (Ferry Way, Lower Peverly Pond, Reference Beaver 
Pond, and Stubbs) that were female, intersex (testicular oocytes; I-TO), hermaphroditic 
(ovary and testis present; M/F), or male.
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
100










Ferry W ay Lower Peverly Beaver Pond Stubbs Pond
Figure 4. The proportion of the male gonad comprised of spermatogonia (SPG), primary 
spermatocytes (SPC1), and spermatids (SPT) fori?, sylvatica metamorphs from 
enclosures installed at four sites at Great Bay NWR (Ferry Way, Lower Peverly Pond, 
Reference Beaver Pond, and Stubbs). Days past stage 25 at the time of dissection (age) 
and the number of days metamorphs were held between metamorphosis and dissection 
are also depicted.
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Ferry Way Lower Peverly Beaver Pond Stubbs Pond
Figure 5. Concentrations of (a) estradiol and (b) androgens (1SEM) produced by female 
and male R. sylvatica metamorphs from enclosures installed at four sites at Great Bay 
NWR (Ferry Way, Lower Peverly Pond, Reference Beaver Pond, and Stubbs). Letters 
denote statistically significant differences among treatment groups, as determined by 
Tukey HSD test (a = 0.05).
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Ferry Way Lower Peverly Beaver Pond Stubbs Pond
Figure 6. Concentrations of (a) estradiol and (b) androgens (1SEM) produced by female 
R. sylvatica metamorphs from enclosures installed at four sites at Great Bay NWR (Ferry 
Way, Lower Peverly Pond, Reference Beaver Pond, and Stubbs) that either gave tadpoles 
access to the sediments and water or restricted tadpoles to the water column only.
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Fem ale I-TO M /F M ale
Figure 7. Brain GnRH concentrations (1SEM) for female, intersex (testicular oocytes; I- 
TO), hermaphroditic (ovary and testis present; M/F), and male R. sylvatica metamorphs 
from enclosures installed at four sites at Great Bay NWR (Ferry Way, Lower Peverly 
Pond, Reference Beaver Pond, and Stubbs).
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CHAPTER 2
GONADAL HISTOLOGY AND REPRODUCTIVE STEROIDOGENESIS OF 
ANURANS EXPOSED TO NATURALLY OCCURRING SEDIMENT- BORNE 
CONTAMINANTS AND SEDIMENTS SPIKED WITH DDT
Introduction
Although the use of DDT has been banned in the United States since 1972, as a 
result of its stability and persistence in the environment, DDT and its metabolites (DDE 
and DDD) are still found throughout the world and remain contaminants of concern for 
wildlife (Turusov et al. 2002). In addition to being persistent in the environment, DDT 
bioaccummulates and biomagnifies as a result of storage in all tissues, especially adipose 
tissue. Considerable attention has been paid to the role of DDT in the thinning of 
eggshells in fish-eating birds and the potential for carcinogenicity in humans (Turusov et 
al. 2002). Recently, however, focus has shifted toward the possibility that DDT and its 
metabolites may act as endocrine disruptors and may alter reproductive development 
(Foster 1995). DDT was historically applied to wetlands for mosquito control, and as a 
result of its persistence in the environment, DDT and its metabolites are present in many 
wetlands. As a result, many amphibians are likely exposed to DDT, the effects of which 
may contribute to amphibian populations declines.
Tadpoles readily take up DDT from the water and through consumption of 
detritus making them susceptible to DDT adsorbed to organic matter (Licht 1976a). In 
tadpoles, the absorbed DDT concentrates in the liver and fat (Licht 1976b). DDT is
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retained following metamorphosis, and is concentrated in the liver, fat bodies, and the 
ovary of the adult frog (Licht 1976a, Harri et al. 1979). Storage of DDT and other 
pesticides in fatty tissues poses a problem for animals when fat stores are mobilized 
during metamorphosis and periods of starvation. DDT mobilized from fat is then 
deposited in other tissues, the brain being the most important target as the toxicity of 
DDT is largely due to nervous system impacts (Harri et al. 1979). The potential impacts 
of DDT stored in the ovary and deposited in eggs during vitellogenesis on the 
development and fertility of eggs is not known; however, tadpoles hatched from eggs 
exposed to DDT immediately upon laying have morphological and developmental 
abnormalities (Harri et al. 1979, Palmer and Palmer 1995).
The sub-lethal effects of exposure of tadpoles to DDT include changes in 
behavior, morphological changes, as well as immunological and endocrine disruption. 
Although DDT is not very acutely toxic (Turusov et al. 2002), the sub-lethal effects can 
contribute to or exacerbate other problems and ultimately result in death. Exposure of 
tadpoles to sub-lethal levels of DDT (0.05 ppm) initially results in hyperactivity and 
frantic movements by the tadpoles (Cooke 1971). This is followed by a phase in which 
tadpoles swim in a slow and twisting manner before becoming moribund and dying. In 
both the frantic swimming phase and the slow spinning phase, tadpoles are more 
susceptible to predation as the increased movement causes visual predators to locate the 
tadpoles more readily (Cooke 1971). The hyperactivity that results from exposure to 
DDT also contributes to the jaw abnormalities observed in exposed tadpoles. Rana 
temporaria (European common frog) tadpoles exposed to 0.1 ppm DDT for two days 
experienced hyperactivity and un-coordinated movements as well as snout abnormalities
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including the loss of the upper mandible, which was partially attributed to the rasping of 
the lower mandible against the upper during hyperactive movements (Osborn et al. 1981). 
Following metamorphosis, the jaw deformity observed in tadpoles appeared as blunt 
snouts in frogs. It should be noted, however, that most of the affected tadpoles died 
during metamorphosis as a result of mobilization of DDT stores during tail resorption 
(Osborn et al. 1981). Exposure to DDT has also been shown to alter immune function in 
Rana pipiens (Northern leopard frog) tadpoles (Gilbertson et al. 2003). The effects of 
DDT on tadpoles are similar to the effects of immunosuppressive drugs, indicating that 
exposure to DDT may make tadpoles more susceptible to infection (Gilbertson et al. 
2003).
Although DDT has been hypothesized to disrupt endocrine function, studies of 
such effects in anurans are limited. Evidence for reproductive endocrine disruption in 
anurans is limited to a few studies that use vitellogenin induction and secondary sexual 
characteristics as endpoints (Palmer and Palmer 1995, Noriega and Hayes 2000). The 
impacts of DDT on reproductive tissue development has, however, been evaluated for 
several species of reptiles and non-anuran amphibians (Vonier et al. 1996, Semenza et al. 
1997, Clark et al. 1998, Podreka et al. 1998, Portelli et al. 1999). As vitellogenin is 
produced by the liver in response to estrogen, screening for vitellogenin production in 
males has been suggested as an effective method for detecting exposure to environmental 
estrogens. Injection of male Xenopus laevis (African clawed frog) adults with o,p’-DDT 
induced vitellogenin production in a dose-dependent manner, indicating that DDT 
activated the estrogen receptors in hepatocytes (Palmer and Palmer 1995). Although not 
necessarily indicative of alteration of primary sex determination, several DDT congeners
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were shown to alter secondary sex coloration in Hyperolius argus (reed frog) (Noriega 
and Hayes 2000). Treatment of juvenile reed frogs with o,p'-DDT, o,p’-DDE and o,p’- 
DDE resulted in premature female color pattern expression, an effect attributed to the 
estrogenic activity of these compounds (Noriega and Hayes 2000). The mechanism of 
action of DDT in the premature development of sexual coloration was not studied; 
however, it may be that this was a result of increased levels of melanocyte-stimulating 
hormone (MSH) (Peaslee 1970). As these studies were conducted with adult and sub­
adult animals, the effects of DDT on the reproductive development of larval anurans are 
not known. Studies conducted with salamanders, turtles, and alligators do, however, 
suggest that DDT may have important effects on the development of the anuran 
reproductive system.
Immersion of larval Ambystoma tigrinum (tiger salamander) in solutions of p,p’- 
DDE or technical grade DDT has demonstrated an estrogenic effect of p,p’-DDE on the 
mullerian ducts of females and no effect of DDT (Clark et al. 1998). These results were 
unexpected as DDT has typically been reported to have estrogenic properties and DDE 
antiandrogenic properties (Kelce et al. 1998). However, in two species of turtles 
Chelonia mydas and Chelydra serpentina serpentina (green sea turtle and common 
snapping turtle) treatment of eggs with p,p’-DDE did not influence gonadal 
differentiation or embryonic development (Podreka et al. 1998, Portelli et al. 1999). 
Injection of adult male Trachemys scripta (red eared turtle) with o,p’-DDT did induce 
vitellogenesis in a dose dependent manner (Palmer and Palmer 1995).
The mechanism by which DDT alters reproductive physiology is not clear, likely 
as a result of the varying action of the congeners and metabolites. Both congeners of
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DDT have been reported to be weak estrogen mimics (o,p’-DDT most active) owing to 
their structural similarity to estrogen and their ability to interact with the estrogen 
receptor (Foster 1995). Both congeners of DDD also have estrogen like activity that is 
reportedly much lower than that of DDT (Foster 1995); however, o,p’-DDD is the most 
effective DDT metabolite at reducing estradiol binding with the estrogen receptor 
(Vonier et al. 1996). The p,p’-DDE congener is reportedly an anti-androgen that binds to 
the androgen receptor and acts in additive or multiplicative ways with other contaminants 
(Kelce et al. 1998). The metabolite p,p’-DDE may be particularly threatening to wildlife 
as it is the most common form and has a long half life (Turusov et al. 2002). In addition, 
p,p’-DDE has multiple mechanisms of action, not only interacting with the androgen 
receptor in an anti-androgen manner, but also modulating expression of steroid 
metabolizing enzymes (Bolt and Degen 2002). In contrast, the o,p’-DDE congener 
competitively binds with the estrogen receptor in extracts of alligator oviducts (Vonier et 
al. 1996). When found in mixtures, DDT metabolites interact in an additive manner with 
one another, but in a multiplicative manner with other contaminants (Vonier et al. 1996). 
The ability of DDT to increase the impacts of current use chemicals in a more than 
additive manner combined with the ubiquitous nature of DDT in the environment and the 
tissues of wildlife indicate that although the use of DDT was banned years ago, the 
endocrine disrupting potential of DDT remains.
Owing to the history of use of DDT at Great Bay National Wildlife Refuge 
(Pinkney and Eaton-Poole 2001, Pinkney et al. 2005), the persistence of DDT in 
sediments (Turusov et al. 2002), and the endocrine mimicking ability of DDT (Foster 
1995), this study focused on the effects of sediment-borne contaminants including DDT
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on anuran development. Sediment samples from three sites at Great Bay National 
Wildlife Refuge were evaluated for their capacity to alter the growth, development, 
reproductive histology, and steroid hormone production of larval anurans. Additionally, 
the role of DDT in altering anuran development at these sites was also investigated 
through the addition of DDT to sediments from a reference site.
Methods
Survival, growth, external morphology, and gonadal histology and reproductive 
steroidogenesis of R. pipiens tadpoles following exposure to sediments containing 
various concentrations of DDT were examined in a randomized complete block 
experiment. This experiment tested whether the contaminants present in sediments 
collected from three sites at Great Bay National Wildlife Refuge (Reference Beaver 
Pond, Ferry Way, Stubbs Pond) as well as sediments spiked with additional DDT 
(nominal concentrations: 0.7 and 4.9 ppm) differentially affected the development of 
larval anurans. In addition, the effects of contaminated sediments on development were 
compared to those of estradiol.
Sediment collection and prenaration before spiking
Surficial sediments were collected April 29, 2003 from a single near shore (<3 
feet water depth) area at each of the three sites using an Eckman grab. Sediments were 
stored in precleaned (acid and acetone washed) and aluminum foil lined 5-gallon buckets 
and were stored in the dark at 4°C prior to use. To minimize the effects of patchy 
contaminant distribution and to remove potential predators, sediments were mixed and 
sieved through a stainless steel No. 10 USA Standard Testing sieve (2 mm mesh). Sieved 
sediments were again stored in precleaned, aluminum foil lined 5-gallon buckets in the
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dark at 4°C for one week to allow the sediments to settle. The overlying water was then 
carefully removed by siphon.
Spiked sediment concentrations and preparation of dosing solutions
A range of DDT concentrations were selected to encompass levels observed in the 
field as well as to provide a range sufficiently broad so as to allow for a range of sub- 
lethal effects. Pre-testing of the sediments for organic contaminants revealed that total 
DDT concentrations ranged from 0.0055 ppm at Ferry Way Pond to 1.18 ppm at Stubbs 
Pond, and were intermediate at Reference Beaver Pond (0.114 ppm). As spiking was 
being conducted using sediments from Reference Beaver Pond, a low dose of 0.7 ppm 
and a high dose of 4.9 ppm total DDT were selected as these would provide a level above 
and below the maximum field concentration observed at Stubbs Pond while remaining in 
the range of sub-lethal effects. The ratio of DDT congeners used in spiking was based on 
the ratios found in Reference Beaver Pond sediments. Pure DDT compounds 
(AccuStandard Inc., New Haven, CT) were used to create the spiking mixture which was 
composed of 1.1% o,p’-DDT, 10.6% p,p’-DDT, 17.0% o,p’-DDD, 56.7% p,p’-DDD, and 
14.5% p,p’-DDE. The amount of DDT added was calculated based on the dry weight of 
sediments and was corrected for background concentrations of DDT in the reference 
sediments. DDT compounds were weighed in precleaned aluminum weigh boats and 
then transferred to a precleaned volumetric flask. Weigh boats were rinsed with the 
solvent (reagent grade acetone) and all rinses were used to make up the final volume of 
20-mL in a volumetric flask (58.5 mg DDT in 20 mL acetone, stock solution = 2925 
ppm). This stock solution was subsequently diluted to arrive at the volumes and
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concentrations necessary for spiking all of the sediments (0.7 ppm: 15 mL of 0.352 
mg/mL and 4.9 ppm: 15 mL of 2.462 mg/mL).
Sediment spiking
Spiking of the Reference Beaver Pond sediments was conducted following the 
methods described by Murdoch et al. (1997) and Lotufo et al. (2001a). DDT was added 
to the sediments using clean quartz sand as a carrier. A 1 mL aliquot of the appropriate 
dosing solution was added to 25 g of dry sand. A rotary evaporator was used under a 
fume hood to facilitate evaporation of the solvent. DDT-coated sand was then added to a 
clean 2 L jar (I-CHEM) containing 1 kg of sediment from Reference Beaver Pond. A 
solvent control was also prepared by adding sand treated with pure acetone to Reference 
Beaver Pond sediments. The jars were rolled for 12 hours at 15-20 rpm on an industrial 
rolling machine. Spiked sediments were held at 4°C for five months prior to use in the 
experiment to allow equilibrium to develop between the fractions of DDT that are 
bioavailable and those that are not bioavailable. Sediment treatments were randomly 
assigned to tanks within spatial blocks. The sediment from each rolling jar was mixed 
using a stainless steel bowl and spoon and then transferred to the appropriate 9.5 liter 
glass tank (15.5 X 20.5 X 30.5 cm). All tanks were filled with 7 L of well water on 
November 11, 2003 and tanks were left undisturbed for one week to allow the sediments 
to settle prior to addition of tadpoles. A positive control, exposure to estradiol (HPLC 
grade 17-P estradiol, Steraloids Inc.), was included as a basis for comparison and 
indication of whether the observed effects of DDT are the result of DDT acting as an 
estrogen mimic. Estradiol was dissolved in ethanol to obtain a 0.35 mg/mL dosing 
solution. The final concentration of estradiol (0.05 ppm) in the exposure tanks was
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achieved by adding 0.5 mL of the dosing solution to 7 L of well water. The five sediment 
treatments were replicated ten times in spatial blocks, whereas the solvent (acetone) 
control and positive (estradiol) control were replicated five times on the highest and 
lowest shelves, respectively to minimize the possibility of cross-contamination.
Chemical analyses
A composite sample for each of the spike treatments as well as the reference was 
collected by taking a sub-sample from each of the experimental tanks prior to initiation of 
the experiment and at the termination of the experiment to determine the initial and final 
concentrations of DDT and its metabolites in the sediments. Composite samples were 
placed in 1 L jars (I-CHEM) and shipped on ice to Texas A&M Research Foundation, 
Geochemical and Environmental Research Group for analysis of organic/pesticide 
contaminant levels. The quantitative contaminant analyses were performed by capillary 
gas chromatography (CGC) with a flame ionization detector for aliphatic hydrocarbons, 
CGC with electron capture detector for pesticides and PCBs (by Aroclor), and a mass 
spectrometer detector in the SIM mode for polynuclear aromatic hydrocarbons. In 
addition, sediments were analyzed for total organic content (Leco method: LECO Model 
523-300), moisture content (forced air oven at approximately 75 degrees Celsius for 24 
hours), and sediment composition (% sand, silt, clay).
Exposure
This experiment was conducted in 60 9.5-liter glass aquaria in a temperature- 
controlled room (26°C) with a lightrdark cycle of 16 hours:8 hours. Each tank was filled 
with 7 L of well water and 1 kg of sediments. The five sediment treatments consisted of 
sediments collected from Reference Beaver Pond, Ferry Way, Stubbs Pond, and
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Reference Beaver Pond sediments spiked with 0.7 or 4.9 ppm of DDT. The “reference” 
site, Reference Beaver Pond, was defined during malformed amphibian surveys based on 
the relatively low incidence of malformations at this site, which was taken to indicate that 
the site was relatively uncontaminated. Testing of the sediments for organic 
contaminants prior to conducting the laboratory exposure experiment revealed that the 
“reference” sediments had higher than anticipated levels of contamination with DDT and 
other compounds. As such, the resulting exposures reflect a range of DDT 
concentrations, but do not include a control or contaminant-free treatment.
The animals for this experiment were purchased as egg masses from a biological 
supply house (Carolina Biological Supply). The egg masses were maintained in separate 
aquaria until the hatched tadpoles reached stage 25 [(Gosner 1960); 0.024 +/- 0.005 g)]. 
Hatchlings from all of the egg masses were well mixed to limit genetic differences among 
tanks. Tadpoles were drawn from this aggregate population and three were randomly 
assigned to each tank on November 21, 2003. Tadpoles were fed a 3:1 mixture of finely 
ground Purina rabbit chow and Tetramin fish flakes every other day. Food rations (10% 
of body mass per tadpole per day) were calculated weekly based on the mass of the 
tadpoles from one replicate. Three-quarters (approximately 5 L) of the water was 
changed in each tank on at least a weekly basis as indicated by water quality (average 
water change frequency 4.9 ±1.9 days). Water was removed from the water surface by 
siphoning with a small tube equipped with a fabric filter and a strainer to reduce the force 
of the suction and minimize disturbance of the sediments. Water was adding to the tanks 
using a trickle flow system to minimize sediment disturbance.
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This experiment was terminated when all tadpoles reached metamorphosis. 
Following tail resorption, each animal was weighed and snout-urostyle length measured. 
Metamorphs were held in individual containers and maintained on a diet of crickets and 
fruit flies for approximately one month following metamorphosis. Metamorphs were 
then weighed and measured and assessed for external abnormalities. Metamorphs were 
placed on ice for several minutes and then euthanized by rapid decapitation. 
Endocrinology
The gonad tissue was removed for bioassay to determine the in vitro steroidogenic 
capacity of the tissue. The right gonad from each metamorph was placed in a well of a 
24-well plate containing 500 pL of pre-incubation media (Krebs-Ringer Bicarbonate 
solution at pH 7.3 with Penicillin/streptomycin). Tissues were incubated for 30 minutes 
at 18°C. The pre-incubation media was then removed and replaced with 500 pL culture 
media supplemented with pregnenolone (127 ng/mL media). Following 4 hours of 
incubation at 18°C, the media were collected and stored at -80°C until extracted and 
assayed for androgens and estradiol by radioimmunoassay (RIA) following the 
procedures described in Sower and Schreck (1982) and Sower et al. (1983). I used 
antiestradiol-17(3 (S-244) at a dilution of 1:34,000 for estradiol-17(3 and the antisera 11- 
BSA (antitestosterone) at a dilution of 1:40,000 for androgens, both obtained from G. 
Niswender (Colorado State University, Fort Collins, CO). The testosterone antibody 
cross-reacts with testosterone (100%) and dihydrotestosterone (69%), thus total androgen 
concentrations are reported. The lower limit of detection of both assays was 7.8 pg/0.1 
mL. The intraassay and interassay coefficients of variation for the estradiol RIA were 
0.055 and 0.119, respectively, and 0.095 and 0.323, respectively for the androgen RIA.
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The antibody efficiency ranged from 30% to 37% and from 22% to 28% in the estradiol 
and androgen assays, respectively.
Brains were also removed, flash frozen in liquid nitrogen, and stored at -80°C 
until extraction, purification by HPLC, and radioimmunoassay for mammalian GnRH. 
Brains were extracted as described by Yu et al. (1987) and Fahien and Sower (1990).
The brain extract was filtered using an ACRO LC 13 (0.45 pm) filter and then eluted on 
an HPLC system following the methods of Fahien and Sower (1990), Calvin et al.
(1993), and Conlon et al. (1993). The extract was injected into a 20 pL loop on a Perkin- 
Elmer HPLC system with a Pecosphere 3CR C18 (0.46 x 8.3 cm) reverse-phase column. 
The isocratic phase was a solution comprised of 7.40 g ammonium acetate and 3.04 g 
citric acid in 1 L of 19% acetonitrile in water (final pH adjusted to 4.6 with phosphoric 
acid) (Stoppa et al. 1988). The flow rate was 2 mL/min and fractions (600 pL) were 
collected every 18 seconds for the first 13 fractions.
Preliminary tests indicated that GnRH levels in R. pipiens metamorph brains were 
below the level of detection of the assay. As a result brains were grouped based on 
treatment, histological sex, and the presence or absence of external deformities into 
groups of four or more brains when possible. I determined brain GnRH concentrations 
by RIA following the methods of Stoppa et al. (1988), Fahien and Sower (1990), and 
Conlon et al. (1993) using synthetic mammalian GnRH as the radioiodinated tracer 
(Perkin-Elmer, Boston, MA) and standard (Peninsula Laboratories, Belmont, CA). The 
antiserum was used at a concentration of 1:30,000 (R1245; from T. Nett, Colorado State 
University, Fort Collins, CO). The antibody binding ranged from 25% to 32%. The 
intra- and inter-assay coefficients of variation were 0.137 and 0.076, respectively.
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Histology
Following incubation, gonads were blotted dry and weighed. Both gonads from 
each metamorph were then preserved in Bouins solution for 24 hours and then embedded 
in paraffin. Tissues were then sectioned (8pm) and histology slides prepared and stained 
using hematoxylin and eosin. All slides were number coded to remove treatment 
identifiers and allow for blind assessment of gonadal histology. All tissue sections were 
examined for abnormalities and to determine histological sex. Gonadal development was 
evaluated using an Olympus BH-2 microscope (500 times power) for two sections of 
each gonad as described in Sretarugsa et al. (2001), Oliveira et al. (2002), Manochantr et 
al. (2003), Tsai et al. (2003), Wolf et al. (2004), and Tsai et al. (2005). The proportion of 
the gonad section in each stage of oogenesis or spermatogenesis was visually estimated.
A single observer evaluated all histology to eliminate inter-observer differences in visual 
estimates.
Calculations and statistical analyses
Tadpole survival was calculated as the proportion of tadpoles from each tank 
surviving to the time of dissection. Percent metamorphosis was calculated as the 
proportion of tadpoles from each tank that reached the stage of front limb emergence 
(stage 42; (Gosner 1960). Larval period and age were calculated as the number of days 
between the start of the experiment and attainment of Gosner stage 42 and dissection, 
respectively. Abnormalities and sex could not be assessed for animals that died, and as 
such, proportion data for abnormalities and sex were calculated relative to the number of 
animals from each tank for which the data were available rather than the total number of
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tadpoles in the tank. Gonadosomatic index was calculated as the ratio of gonad mass to 
body mass.
Statistical tests were conducted on tank means for parameters that were not sex- 
specific (mass, larval period, deformities), whereas parameters that were sex-specific 
(reproductive steroidogenesis, gonadal histology, gonad mass) were tested for statistical 
differences based on means for each sex from each tank. All proportion data (survival, 
metamorphosis, deformed, sex, gonad composition) were arcsine-square root transformed 
while endocrinology data were log transformed prior to analyses (Zar 1996). 
Endocrinology data were additionally corrected for correlation between steroid 
production and gonad mass by dividing estradiol and androgens concentrations by gonad 
mass. Separate multivariate analyses (MANOVAs) were conducted for 
growth/developmental parameters and endocrinology/histology measurements. The 
univariate responses were used to identify which response variables were responsible for 
any overall differences found in the MANOVAs. Tukey’s multiple comparison tests 
were used to determine which treatments differed from one another (Tabachnick and 
Fidell 1996). As a result of the grouping of brains for GnRH detection these data do not 
correspond to tank means and were analyzed separately. SPSS 11.0 statistical package 
was used for all statistical analyses.
Results
Chemical analysis of spiked sediments
Concentrations of DDT in the reference and spiked sediments at the start of the 
experiment were lower than anticipated. The measured concentration of DDT in the 0.7
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ppm treatment was 0.025 ppm and the concentration in the 4.9 ppm treatment was 0.175 
ppm (Table 4). The reason for the low DDT concentrations is not evident as the protocol 
employed for spiking the sediments has previously been shown to be effective at 
achieving target concentrations (Lotufo et al. 2001a, Lotufo et al. 2001b). Although the 
spiking procedure did not achieve the desired concentrations, the measured 
concentrations do represent a 2-fold and 14-fold increase over the concentrations in the 
un-spiked sediments. The acetone control and the un-spiked Reference Beaver Pond 
sediments had DDT concentrations (0.008 ppm and 0.013 ppm, respectively) that were 
lower than the concentrations measured in sediments from Reference Beaver Pond at the 
time of sediment collection from the field (0.114 ppm). This may indicate that DDT 
concentrations were altered during sediment preparation and storage or that the 
distribution of DDT in the field is patchy as the samples for DDT determination were 
collected from a slightly different area than the sediments for the spiking experiment.
The DDT concentrations in the 0.7 ppm and 4.9 ppm treatments at the termination of the 
experiment (day 116) were similar to the concentrations at the start of the experiment 
(0.017 and 0.169 ppm, respectively). The un-spiked Reference Beaver Pond sediments, 
however, had a nearly 10-fold higher concentration of DDT at the end of the experiment 
than at the start of the experiment (0.013 ppm and 0.126 ppm) (Table 2). The reason for 
the disparity in the DDT concentrations in these sediments is not clear, as strict 
precautions were taken to avoid cross-contamination of sediments throughout the 
experiment. As the concentration of DDT in the sediments at the end of the experiment 
are similar to the concentrations reported for sediments at the time of sediment collection, 
this may indicate that the purported patchy distribution of DDT in these sediments
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persisted throughout the experiment. Alternatively, the tools used for collection of the 
sediment sub-sample may have been contaminated with DDT. This, however, is unlikely 
as all equipment used throughout this experiment was acid washed and acetone rinsed 
prior to use.
Growth and development
Growth and development of tadpoles exposed to sediments from Great Bay NWR 
and sediments spiked with DDT differed among treatments (Wilks’ lambda F6o, 214.628 =  
2.211,P ^ 0.001) (Table 5). The proportion of tadpoles surviving to metamorphosis 
exceeded 90% in all treatments except the Ferry Way Pond (77%) and did not differ 
significantly among sediment treatments (P = 0.620). Survival one month post­
metamorphosis ranged from 43% for Stubbs Pond to 77% for Ref Oppm, but did not 
differ significantly among sediment treatments (P = 0.686) (Figure 8). Larval period was 
shortest for the positive control (estradiol) (43.1 days) and longest for Stubbs Pond (49.0 
days) and did not differ among sediment treatments (P = 0.394). The age of metamorphs 
at the time of dissection was also lowest in the positive control (estradiol) (72.3 days) and 
highest in Stubbs Pond (78.5 days); however, age at metamorphosis did differ 
significantly among treatments (P = 0.021). Metamorphs from the acetone control and 
positive (estradiol) control were significantly younger at the time of dissection than those 
from Ref Oppm (P = 0.037), Ref 0.7ppm (P = 0.017 and 0.006, respectively), Ref 4.9ppm 
(p = 0.033 and 0.012, respectively), and Stubbs Pond (P = 0.024 and 0.009, respectively) 
(Table 5). Metamorph size and mass also differed among sediment treatments (P < 0.001 
and P < 0.001, respectively) (Figure 9). Snout-urostyle length was significantly longer 
for metamorphs from the positive control (estradiol) (26.0 mm) than it was for all of the
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remaining treatments except Ferry Way Pond and the acetone control. Metamorphs from 
Ferry Way Pond (24.9 mm) were significantly longer than metamorphs from Stubbs Pond 
(21.7 mm), whereas metamorphs from the acetone control (23.8 mm) were not 
significantly longer than metamorphs from any of the remaining sediment treatments 
(Figure 9a). Metamorph mass followed a similar pattern of differences among sediment 
treatments as snout-urostyle length (Figure 9b). Metamorphs from the positive control 
(estradiol) weighed (1.6 g) significantly more than metamorphs from all of the remaining 
sediment treatments, while metamorphs from the Stubbs Pond treatment (0.93 g) weighed 
significantly less than all sediment treatments except the acetone control.
The proportion of metamorphs exhibiting external abnormalities did not differ 
among sediment treatments (P = 0.611), as only three metamorphs exhibited external 
abnormalities. Two metamorphs, from an estradiol and a Ref Oppm tank, had slight jaw 
abnormalities, and one metamorph from a Ref 4.9ppm tank had an enlarged digit on a 
front limb. Sediment treatment also did not affect the proportion of metamorphs that 
were female, intersex, or male (P = 0.101, P = 0.154, and P = 0.489, respectively). 
Assessment of gonadal histology revealed that intersex animals occurred in all of the 
sediment treatments except Stubbs Pond (Figure 10). When intersex animals did occur, 
the proportion of metamorphs with intersex gonads ranged from 11.0% to 37.9%, and 
increased with increasing nominal DDT concentration in the spiked sediment treatments 
(Figure 10). The occurrence of intersex animals appears to have reduced the number of 
males and further skewed the sex ratios in favor of females.
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Reproductive endocrinology and histology
Reproductive development and steroidogenesis differed significantly among 
sediment treatments for females (Wilks’ lambda F24;119.82 = 2.108, P = 0.005), intersex 
animals (Wilks’ lambda F35j 23.463 = 2.835, P = 0.005), and males (Wilks’ lambda F30,42 = 
2.042, P = 0.016). In females, the effect on reproductive development was seen only in 
gonad mass (P = 0.010) (Table 6). Female gonad mass was highest in the positive 
control (estradiol) (4.99 mg) which differed significantly from Ref Oppm (Tukey HSD P 
= 0.001), Ref 4.9ppm (Tukey HSD P = 0.021), and Stubbs Pond (Tukey HSD P = 0.001). 
Gonads from females from Stubbs Pond (2.54 mg) weighed significantly less than did 
those from the acetone (4.20 mg; Tukey HSD P = 0.017) and estradiol (5.00 mg; Tukey 
HSD P = 0.001) controls, Ferry Way (4.04 mg; Tukey HSD P = 0.030), and Ref 0.7ppm 
(3.91 mg; Tukey HSD P = 0.030). Female gonad mass was intermediate at Ref Oppm 
(3.06 mg) and Ref 4.9ppm (3.62 mg). No significant differences in female gonad mass 
were found among the remaining sediment treatments.
Despite the significant multivariate result for reproductive development and 
steroidogenesis for intersex animals, none of the univariate analyses showed significant 
effects of sediments (Table 6). However, androgens/gonad mass and the proportion of 
the gonad comprised of primary spermatocytes (SPC1) approached significance (P = 
0.080 and P = 0.060, respectively). The concentration of androgens produced per gonad 
mass by intersex animals was highest for Ferry Way Pond (5.80 p.g/0.1 ml/g), which was 
twice the second highest level, Ref Oppm (2.99 pg/0. lml/g) (Figure 11a). The 
concentrations of estradiol/gonad mass produced by intersex animals from Ref Oppm 
(37.25 ng/0. lml/g) and Ferry Way (19.13 ng/0. lml/g) were also among the highest
59
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
concentrations relative to the other sediment treatments (Figure 1 lb). Intersex animals 
from Ferry Way Pond as well as the positive control (estradiol) had the least 
developmentally advanced gonad composition, being comprised only of perinuclear 
oocytes (PERI) and spermatogonia (SPG) (Figure 12). Gonads from intersex animals 
from Ref Oppm were the most developmentally advanced and had a greater proportion of 
primary spermatocytes (67.5%) than gonads from all of the other treatments. The 
remaining sediment treatments produced intersex gonads comprised of 4.17% to 17.20% 
primary spermatocytes. The proportion of the gonads of intersex animals that was 
comprised of perinuclear oocytes (PERI) ranged from 13.5% for Ref 4.9ppm to 2.0% for 
animals from the acetone control (Table 6, Figure 12).
Although male reproductive development and steroidogenesis showed a 
significant multivariate effect of sediment treatment, none of the univariate analyses were 
significant (Table 6). As with the intersex animals, the only parameters that appeared to 
be affected by sediment treatment were androgens produced per gonad mass (P = 0.181) 
and proportion of gonad comprised of primary spermatocytes (SPC1) (P = 0.126). For 
males the concentration of androgens produced per gonad mass was highest in the 
estradiol (3.90 pg/0.1ml/g) and acetone (3.58 pg/O.lml/g) controls and lowest in the Ref 
4.9ppm treatment (0.65 pg/0.1ml/g) (Figure 12). Male gonadal development was most 
advanced for animals from the Ref Oppm treatment, which were the only males in which 
spermatogenesis had proceeded to the primary spermatocyte stage (5.40%).
Brain GnRH concentrations did not differ significantly among sediment 
treatments (P = 0.270); however, differences in brain GnRH concentrations among sexes 
were marginally significant (P = 0.057). The difference in GnRH concentrations among
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males (32.82 pg/brain) and intersex metamorphs (14.71 pg/brain) was marginally 
significant (Tukey HSD P = 0.052). Brain GnRH concentrations were intermediate in 
females (27.45 pg/brain), and did not differ significantly from either males (Tukey HSD 
P = 0.642) or intersex metamorphs (Tukey HSD P = 0.129) (Figure 13).
Discussion
The data reported here indicate that contaminants present in sediments lfom Great 
Bay National Wildlife Refuge affect tadpole growth, development, reproductive 
histology, and steroidogenesis. It is not clear if  the observed effects of site sediments on 
tadpole development were due to DDT acting independently or even in combination with 
other contaminants in the sediments. Relative to the positive control (estradiol), which 
produced large metamorphs with short larval periods, all of the sediment exposure 
treatments negatively impacted some aspect of tadpole growth or development. Tadpoles 
from the DDT spiked treatments had reduced and nearly equivalent rates of 
metamorphosis. The lack of differences in rates of metamorphosis and metamorph size 
among the DDT spiked treatments indicates that DDT did not have apparent impacts on 
metamorphic progress. In addition, there was a positive correlation between percent 
metamorphosis and level of DDT contamination among the other sediment treatments 
such that Ferry Way Pond had the lowest DDT concentration and the lowest rate of 
metamorphosis and Stubbs Pond had the highest DDT concentration and the highest rate 
of metamorphosis. As DDT is unlikely to have had positive impacts on survival to 
metamorphosis, the reduced rate of metamorphosis in the Ferry Way treatment, and to a 
lesser extent in the spiking treatments, may have been due to the presence of another 
contaminant in the sediments rather than a lack of DDT. Tests for organic contaminants,
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however, did not pinpoint a particular contaminant that might be responsible for the 
observed effects.
Although all of the tadpoles exposed to Stubbs Pond sediments survived to the 
initiation of metamorphosis, many of the metamorphs did not survive to the time of 
dissection. This could have been due to mobilization of DDT residues during tail 
resorption (Harri et al. 1979). Metamorphs from Stubbs Pond also had relatively long 
larval periods and were smaller at metamorphosis, which could indicate that exposure to 
sediments from Stubbs Pond negatively impacted tadpole growth and development and 
that this effect persisted through metamorphosis and contributed to low survival rates.
Unlike the responses observed for growth and metamorphosis, the effects of 
exposure to contaminated sediments on reproductive development and steroidogenesis 
did appear to be at least in part the result of exposure to DDT. Although all treatments 
except Stubbs Pond produced intersex animals, the proportion of metamorphs that were 
intersex increased with increasing DDT concentrations in the spiked sediment treatments. 
Additionally, the proportion of the intersex gonad that was comprised of oocytes 
increased as DDT concentration increased. This may indicate that the estrogenic and 
anti-androgenic properties of DDT caused the intersex gonads to undergo sex reversal 
from male to female. Although the effects of DDT on anuran reproductive development 
have not been investigated, studies that have been conducted with reptiles and urodeles 
have not documented consistent effects of DDT on reproductive development. Technical 
grade DDT was shown to have antiestrogenic effects on gonad duct growth in A. tigrinum 
(Clark et al. 1998) whereas DDE failed to alter sex determination in two species of turtles 
(Podreka et al. 1998, Portelli et al. 1999). In the red-eared slider and the American
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alligator {Alligator mississippiensis); however, exposure to DDE (both p,p’ and o,p’) and 
p,p’-DDD produced female offspring despite incubation of eggs at male producing 
temperatures (Guillette et al. 2000). In anurans, the o,p’ isoforms of DDT have been 
shown induce female secondary sex coloration and vitellogenin production in males 
(Palmer and Palmer 1995, Noriega and Hayes 2000), indicating that these DDT 
congeners may have estrogenic effects on the reproductive systems of developing 
anurans.
Alternatively, the composition of the intersex gonad may reflect differences in 
developmental progression. Gonadal development was reduced in intersex animals 
exposed to increasing concentrations of DDT. It may be that testicular oocytes are lost or 
degenerate as the gonad develops into a normal male testis. The loss of testicular oocytes 
has been shown to occur as metamorphs age, an effect that has been taken to indicate that 
the presence of testicular oocytes is part of the normal developmental progression (Jooste 
et al. 2005). Although the ontogenetic patterns of gonad development have not been 
studied in R. pipiens, the presence of testicular oocytes has been documented in 
unexposed metamorphs (see Chapter 5). The absence of intersex animals in the Stubbs 
Pond treatment, which had the highest concentration of DDT, could indicate that the 
testicular oocytes observed in this experiment were not the result of exposure to DDT 
and/or that any testicular oocytes had previously degenerated and the intersex phase 
precociously completed as a result of the accelerated gonadal development in these 
animals that may have resulted from exposure to DDT. The developmental state of male 
gonads from the Stubbs Pond treatment was not advanced; making it unlikely that 
intersex animals would have progressed to the point that all testicular oocytes had
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degenerated. The absence of intersex animals in the Stubbs Pond treatment despite the 
high DDT levels may have been due to differences in the ratio of DDT congeners as the 
DDT in Stubbs Pond sediments were comprised of greater proportions of p,p’-DDT and 
p,p’-DDE, which are reportedly only weakly estrogenic and antiandrogenic, respectively 
(Kelce et al. 1998). DDT congeners, however, act in an additive manner with one 
another and thus Stubbs Pond should still exhibit the greatest effects o f DDT. 
Additionally, DDT congeners act in a multiplicative manner with other contaminants 
(Kelce et al. 1998) so the effects observed in the spiked sediments may be due to 
interactions with other contaminants not present, or present to a lesser degree, at Stubbs 
Pond (e.g., PAHs which can be estrogenic). The observed differences in gonadal 
histology may reflect organizational effects of endocrine disrupting contaminants on the 
developing tadpoles that may result in permanent modification of the functioning of the 
reproductive endocrine system.
Reproductive steroidogenesis differed among animals exposed to sediments 
spiked with DDT in what appeared to be a dose dependent manner. Production of 
androgens and estradiol in vitro by intersex and male gonads decreased with increasing 
DDT concentration in the spiked sediments. Lowered production of androgens by 
intersex animals could have been due to the increasing proportion of the gonad comprised 
of oocytes or a result of the reduced developmental stage of gonads exposed to higher 
levels of DDT. Reduced developmental stage was not responsible for the decrease in 
steroidogenesis for males, however, as the testes were comprised nearly entirely of the 
earliest stage of spermatogenesis, spermatogonia, in all treatments. The lowered 
production of androgens by intersex animals may instead have been due to negative
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feedback effects of DDT on the hypothalamic-pituitary-gonadal axis. These results, 
however, do not appear to be due to the estrogenic mimicking properties of DDT, as they 
do not concur with the response seen in estradiol-exposed metamorphs. Male 
metamorphs exposed to estradiol did not exhibit the same reduction in steroidogenesis 
observed in the DDT spiked treatments, but instead had the highest production of 
androgens and estradiol. Additionally, males exposed to sediments with the highest DDT 
concentration (Stubbs Pond) did not have the lowest steroid hormone production. The 
estrogen mimicking properties of DDT do not appear to be the basis for the pattern of 
reduced steroid hormone production by males exposed to increasing concentrations of 
DDT in the spiked treatments. Intersex metamorphs that were exposed to estradiol did, 
however, exhibit decreased production of androgens that might be expected to result from 
the feminization of the gonad. Estradiol production in these metamorphs was also 
reduced, suggesting that the steroidogenic capacity of the intersex gonads was 
compromised. Brain GnRH concentrations in intersex metamorphs was also reduced 
relative to males and females which may indicate that in addition to having altered 
gonadal development the brain development in these metamorphs was altered. Brain 
GnRH concentrations have previously been shown to be reduced in male Rana 
catesbeiana (bullfrog) metamorphs relative to normal males (Sower et al. 2000).
Together these studies may indicate that the effects of environmental contaminants on 
developing anurans occur at multiple levels and can be detected in the hypothalamic- 
pituitary axis. In contrast to the present study, the study by Sower et al. (2000) 
demonstrated a reduction in androgen concentrations for deformed R. catesbeiana and 
Rana clamitans (green frog) metamorphs relative to the normal metamorphs. It appears
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from this that alterations in GnRH concentrations in anurans occur as a result of exposure 
to environmental contaminants; however, the links between GnRH concentrations, limb 
and gonad development, and reproductive steroidogenesis require further investigation.
Once again, data for anurans are lacking, and the effects of DDT on the 
reproductive endocrine system of reptiles clarify the nature of the observed effects. 
Plasma sex steroid levels in C. serpentina were not altered in animals from an 
organochlorine contaminated site despite changes in sexually dimorphic external 
morphology (Solla et al. 1998). Juvenile male American alligators (A. mississippiensis) 
from lakes contaminated with DDT have demonstrated reduced plasma testosterone 
levels and phallus size relative to animals from control lakes (Guillette et al. 1994, 
Guillette et al. 1996, Guillette et al. 1999a, Guillette et al. 1999b, Guillette et al. 2000). 
Neonatal alligator exposed only in ovo, however, have demonstrated increased plasma 
testosterone concentrations following exposure to a contaminated environment, but no 
effect on plasma steroid concentrations following exposure to p,p’-DDE (Milnes et al. 
2005a, Milnes et al. 2005b). Further, work with juvenile A. mississippiensis exposed to 
environmental contaminants including DDT has shown that patterns of changes in the 
concentrations of reproductive hormones in the plasma can differ from those of in vitro 
production of hormones by the gonads (Guillette et al. 1995). The apparent lack of a 
feminizing effect of DDT on gonadal steroidogenesis in this experiment does not 
necessarily indicate that there was no such effect, but suggests that any feminizing effects 
of DDT may be occurring elsewhere in the reproductive endocrine system.
The data presented here suggest that in vitro gonadal steroidogenesis was altered 
by exposure to contaminants present in sediments collected from Great Bay National
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Wildlife Refuge. I do not, however, have data on additional changes in the processing 
and functioning (e.g. enzymes, degradation, steroid binding proteins, receptor affinity 
and/or numbers) of reproductive hormones that might also occur as a result of exposure 
to these environmental contaminants. Thus, the changes in steroidogenesis in this 
experiment may reflect effects of contaminants, but do not necessarily reflect plasma 
hormone concentrations which incorporate modifications at multiple levels. Although I 
do present data on amounts of GnRH in the brain and gonadal steroidogenesis, data on 
pituitary function, circulating gonadotropins, receptor affinity and numbers, and the 
response of the gonad to stimulation of the hypothalamic-pituitary axis are lacking. 
Understanding the reproductive and endocrine effects of contaminants at Great Bay 
National Wildlife Refuge would require further investigation at several cellular and 
biochemical levels. Additionally, the role of other contaminants present in the sediments 
in the observed effects requires investigation. The data presented here indicate that 
contaminants present in the sediments at Great Bay National Wildlife Refuge have the 
potential to alter the reproductive development and function of native anurans. The 
potential for altered reproductive endocrine function to have significant long-term 
consequences on reproductive fitness and the role of environmental contaminants in 
amphibian declines are important questions that remain to be investigated.
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Table 4. Results of sediment chemistry analyses for samples collected in the field from sites at Great Bay NWR, sub-samples of 
spiked sediments collected prior to the start of the experiment (initial), and sub-samples of spiked sediments collected at the 



























Way field na 0.0016 0.0006 0.0006 0.0061 0.0196 0.0020 0.0293
Beaver
Pd. field na 0.0195 0.0004 0.0013 0.0649 0.0166 0.0121 0.1144
Stubbs
Pd. field na 0.0444 0.0073 0.0151 0.1900 0.4060 0.5160 1.1788
Reference initial none 0.0014 0.0000 0.0000 0.0095 0.0013 0.0004 0.0126 1.7 61.9 25.4 12.8 36.4
Reference initial acetone 0.0014 0.0000 0.0000 0.0050 0.0013 0.0003 0.0079 2.2 62.9 24.7 12.4 38.6
Reference initial low 0.0046 0.0000 0.0002 0.0158 0.0042 0.0007 0.0255 2.0 64.1 26.3 9.6 38.1
Reference initial high 0.0345 0.0000 0.0011 0.1070 0.0278 0.0043 0.1747 2.0 65.6 25.0 12.5 41.0
Reference final none 0.0189 0.0005 0.0010 0.0616 0.0183 0.0262 0.1265 1.9 64.1 26.7 9.2 47.7
Reference final acetone 0.0013 0.0000 0.0000 0.0052 0.0009 0.0002 0.0076 1.7 69.5 22.3 8.2 40.2
Reference final low 0.0031 0.0000 0.0000 0.0113 0.0029 0.0000 0.0173 1.6 64.2 22.8 13.0 39.0
Reference final high 0.0322 0.0000 0.0008 0.1060 0.0288 0.0008 0.1686 1.6 61.9 24.5 13.7 34.3
Table 5. Results of the MANOVA and ANOVAs for growth and development of R. 
pipiens tadpoles exposed to sediments collected from three sites at Great Bay NWR 
(Ferry Way, Reference Beaver Pond (Oppm), and Stubbs), Reference sediments spiked




Source df lambda F P eta2 power
Sediment 60,214.63 0.08 2.21E+00 <0.001 0.343 1.000
ANOVAs
Partial Observed
Source df Mean square F P eta2 power
Asin % metamorphosis
Sediment 6 1.99E-02 0.740 0.620 0.083 0.265
Error 49 2.69E-02
Asin % survival
Sediment 6 4.87E-02 0.655 0.686 0.074 0.236
Error 49 7.43E-02
Larval Deriod fdavs)
Sediment 6 20.644 1.07E+00 0.394 0.116 0.381
Error 49 19.303
Age Ida vs)
Sediment 6 44.515 2.78E+00 0.021 0.254 0.834
Error 49 16.044
Mass fgi
Sediment 6 2.41E-01 16.226 <0.001 0.665 1.000
Error 49 1.48E-02
Snout-urostvle length
Sediment 6 11.822 7.30E+00 <0.001 0.472 0.999
Error 49 1.62
Asin % Abnormal
Sediment 6 3.99E-03 0.752 0.611 0.084 0.269
Error 49 5.30E-03
Asin % Female
Sediment 6 8.65E-02 1.892 0.101 0.188 0.645
Error 49 4.57E-02
Asin % Intersex
Sediment 6 6.56E-02 1.650 0.154 0.168 0.574
Error 49 3.97E-02
Asin % Male
Sediment 6 6.82E-02 0.920 0.489 0.101 0.328
Error 49 7.42E-02
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Table 6. Results of the MANOVAs and ANOVAs for reproductive steroidogenesis and 
gonadal development of female, intersex and male R. pipiens tadpoles exposed to
sediments collected from three sites at Great Bay NWR (Ferry Way, Reference Beaver 
Pond (Oppm), and Stubbs), Reference sediments spiked with two concentrations of DDT 
(0.7ppm and 4.9ppm), and positive (estradiol) and solvent (acetone) controls._________
MANOVA
Wilks' Partial Observed
Source df lambda F P eta2 power
FEMALES
Sediment 24,119.82 2.93E-01 2.1080.005 0.265 0.976
INTERSEX
Sediment 35,23.463 1.00E-03 2.8350.005 0.751 0.920
MALES
Sediment 30,42 2.70E-02 2.0420.016 0.513 0.882
ANOVAs
Mean Partial Observed
Source df square F P eta2 power
FEMALES
Gonad mass fef




















Sediment 5 8.80E+12 2.6800.080 0.549 0.589
Error 11 3.28E+12
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Table 6 cont. 
Asin % SPG
Sediment 5 2.11E-01 2.268 0.120 0.508 0.510
Error 11 9.30E-02
Asin % SPC1
Sediment 5 2.85E-01 3.007 0.060 0.578 0.645
Error 11 9.46E-02
Asin % PERI
Sediment 5 7.78E-03 0.597 0.703 0.214 0.152
Error 11 1.30E-02
MALES
Gonad mass (^ 1








Sediment 6 2.31E+12 1.7540.181 0.429 0.468
Error 14 1.32E+12
Asin % SPG
Sediment 6 1.28E-02 2.048 0.126 0.467 0.540
Error 14 6.25E-03
Asin % SPC1
Sediment 6 1.28E-02 2.0480.126 0.467 0.540
Error 14 6.25E-03
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Figure 8. The percentage (1SEM) of R. pipiens tadpoles exposed to sediments collected 
from three sites at Great Bay NWR (Ferry Way, Reference Beaver Pond (Oppm), and 
Stubbs), Reference sediments spiked with two concentrations of DDT (0.7ppm and 
4.9ppm), and positive (estradiol) and solvent (acetone) controls surviving to 
metamorphosis and surviving to the time of dissection.
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Acetone Estradiol Ferry Way Ref. Oppm Ref. Ref. Stubbs
0.7ppm 4.9ppm Pond
Figure 9. The (a) snout-urostyle length and (b) mass (1SEM) of R. pipiens tadpoles 
exposed to sediments collected from three sites at Great Bay NWR (Ferry Way, 
Reference Beaver Pond (Oppm), and Stubbs), Reference sediments spiked with two 
concentrations of DDT (0.7ppm and 4.9ppm), and positive (estradiol) and solvent 
(acetone) controls. Letters denote statistically significant differences among sediment 
treatment groups, as determined by Tukey HSD test (a  = 0.05).
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Acetone Estradiol Ferry Way Ref. Oppm Ref. Ref. Stubbs
0.7ppm 4.9ppm Pond
Figure 10. The percentage (1SEM) of R. pipiens metamorphs exposed to sediments 
collected from three sites at Great Bay NWR (Ferry Way, Reference Beaver Pond 
(Oppm), and Stubbs), Reference sediments spiked with two concentrations of DDT 
(0.7ppm and 4.9ppm), and positive (estradiol) and solvent (acetone) controls that were 
female, intersex (testicular oocytes; I-TO), or male.
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Figure 11. Concentrations of (a) androgens/gonad mass and (b) estradiol/gonad mass 
(1SEM) produced by female, intersex, and male R. pipiens metamorphs exposed to 
sediments collected from three sites at Great Bay NWR (Ferry Way, Reference Beaver 
Pond (Oppm), and Stubbs), Reference sediments spiked with two concentrations of DDT 
(0.7ppm and 4.9ppm), and positive (estradiol) and solvent (acetone) controls.
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A cetone Estradiol Ferry W ay Ref. Oppm Ref. 0.7ppm  Ref. 4.9ppm
Figure 12. The proportion of the intersex gonad comprised of perinuclear oocytes 
(PERI), spermatogonia (SPG), and primary spermatocytes (SPC1) fori?, pipiens 
metamorphs exposed to sediments collected from three sites at Great Bay NWR (Ferry 
Way, Reference Beaver Pond (Oppm), and Stubbs), Reference sediments spiked with two 
concentrations of DDT (0.7ppm and 4.9ppm), and positive (estradiol) and solvent 
(acetone) controls.
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Figure 13. Brain GnRH concentrations (1SEM) for R. pipiens metamorphs exposed to 
sediments collected from three sites at Great Bay NWR (Ferry Way, Reference Beaver 
Pond (Oppm), and Stubbs), Reference sediments spiked with two concentrations of DDT 
(0.7ppm and 4.9ppm), and positive (estradiol) and solvent (acetone) controls.
77
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3
EFFECTS OF ATRAZINE ON ANURAN DEVELOPMENT ARE ALTERED BY THE 
PRESENCE OF A NON-LETHAL PREDATOR
Introduction
Numerous causes for amphibian decline have been proposed including habitat 
loss, disease, climate change, and introduced predators and competitors. There is 
growing evidence that pesticides may also play direct and indirect roles in amphibian 
decline. Correlations between amphibian population declines and agricultural use of 
pesticides have been documented and have been suggested as evidence that pesticides 
may contribute to amphibian declines (Ouellet et al. 1997). Further, the ubiquitous 
presence of pesticides, the co-occurrence of pesticide application and amphibian 
development in the aquatic habitat, and the plethora of documented lethal and sub-lethal 
effects of pesticides on amphibians and their communities lend credence to the 
hypothesis that pesticides are contributing to at least some of the reported cases of 
amphibian decline. As one of the most heavily used pesticides in North America 
(Solomon et al. 1996), the effects of atrazine (commercial names: Aatrex Nine-O) on 
amphibians and the role of this ubiquitous pesticide in amphibian declines are of 
particular recent interest.
Atrazine levels in nature are purportedly below 20 pg/L in North American 
surface waters; however, concentrations in temporary ponds adjacent to agricultural 
fields are typically higher (2.3 mg/L has been reported) (Solomon et al. 1996). Atrazine
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
concentrations in ponds and wetlands typically peak during the spring and early summer, 
coinciding with the breeding seasons for most amphibians. As a result, amphibian adults 
are exposed to atrazine as they migrate to and breed in ponds or small ditches near 
agricultural areas. Eggs, embryos, and larvae of amphibians grow and develop in these 
wetlands and are thus exposed to potentially high levels of agricultural chemicals, 
including atrazine, during critical periods of their development.
Although the lethal effects of pesticides on larval and adult amphibians could 
clearly contribute to amphibian decline, the sub-lethal effects of environmental toxicants 
may also play a significant role in the observed declines. Environmental toxicants may 
have profound effects on amphibian survival and population parameters through their 
direct and indirect effects on tadpole growth and development. Alterations in growth and 
development can result from the direct actions of toxicants on amphibian physiology.
The stress response thought to be associated with exposure to toxicants can have an 
associated growth cost and can contribute to delays in metamorphosis. Reports on the 
effects of atrazine on growth and development are, however, somewhat equivocal. 
Exposure of Xenopus laevis (African clawed frog) and Rana pipiens (Northern leopard 
frog) tadpoles to atrazine concentrations of 0 . 0 1  -  2 0 0  ppb did not result in growth or 
developmental effects (Allran and Karazov 2000, Hayes et al. 2002b, Carr et al. 2003), 
whereas exposure of A  laevis and Rana clamitans (green frog) tadpoles to 10 -  320 ppb 
atrazine resulted in an increase in time to metamorphosis and a decrease in metamorph 
size relative to unexposed animals, with the effects being greater at higher concentrations 
(Sullivan and Spence 2003, Coady et al. 2004). The responses of larval anurans to 
atrazine may be maladaptive, as remaining in the larval habitat despite slow growth rates
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could have juvenile and adult survival and fitness costs (Werner 1986, Semlitsch et al. 
1988).
The response of tadpoles to atrazine may not be an adaptive strategy, but rather 
may be the result of an endocrine-mediated response to stress that uncouples the link 
between environmental variability and developmental plasticity (Larson et al. 1998). 
Induction of aromatase by atrazine and the resulting estrogen-mediated inhibition of the 
thyroid system might explain the increase in larval period, while induction of a stress 
response including the release of corticosterone-releasing hormone might explain a 
reduction in growth and development (Denver 1993, 1996, 1998, Hayes 2000).
However, a growth-mediated effect of atrazine on metamorphosis rather than an 
endocrine disrupting effect has also been proposed (Larson et al. 1998).
Contaminants can also indirectly affect the growth, development and ultimately 
the survival of amphibians by influencing interactions with predators (Smith 2001, Boone 
and Semlitsch 2003). Exposure to contaminants can alter growth and development by 
reducing foraging and altering behavioral responses to predators (Bridges 1997, Verrell 
2000, Boone and Semlitsch 2001, Ingermann et al. 2002, Boone and Semlitsch 2003). 
Tadpoles exposed to sub-lethal levels of contaminants may have reduced swimming 
performance, inappropriate or reduced predator avoidance behaviors, reduced foraging, 
and increased predation rates (Bridges 1999b). Decreased activity can result in less time 
spent foraging, leading to reduced growth and development (Werner and Anholt 1993, 
Bridges 1997). Reduced activity levels can also impact predator-prey dynamics. The 
growth costs associated with reduced activity and foraging will likely increase the time it 
takes a tadpole to reach a size refuge from predation, thus increasing susceptibility to
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predators (Werner 1986, Christensen 1996). Reduced activity levels can lower detection 
rates by visually-oriented predators (Lawler 1989); however, the reduced tadpole 
swimming ability correlated with reduced activity (Bridges 1997) would likely reduce the 
ability of a tadpole to escape a predator should detection occur (Werner and Anholt 
1993).
Behavioral responses and effects on predator-prey interactions have been 
investigated for several pesticides and several species of anurans; however, studies 
involving atrazine are lacking and are limited to effects on Ambystoma. Although 
atrazine exposure did not decrease activity level in Ambystoma barbouri (streamside 
salamander) larvae, a greater startle response was seen in larvae exposed to 400 pg/L, a 
response that may indicate a nervous system malfunction (Rohr et al. 2003). The 400 
pg/L atrazine treatment also lessened the increase in activity and decrease in refuge use 
associated with hunger, a response that would limit foraging and restrict growth 
opportunities (Rohr et al. 2003). The effects of atrazine on A. barbouri behavior, 
including increased activity and reduced water conserving behaviors, were also evident 
four and eight months after metamorphosis (Rohr and Palmer 2005).
In addition to altering growth and developmental rates, atrazine exposure can 
result in abnormal development. External abnormalities, including edema and tail and 
axial malformations, have been documented for short-term exposures to concentrations as 
low as 4.32 mg/L, with the proportion of animals exhibiting abnormalities reaching 
nearly 50% in the highest concentration (20 mg/L) (Allran and Karasov 2001). Exposure 
to lower concentrations of atrazine (3-30 pg/L) throughout the larval period can lead to a 
reduction in immunocompetency and reduced ability to resist infestation by trematodes,
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which have been associated with certain types of limb deformities observed in 
amphibians in the wild (Kiesecker 2002).
Perhaps the most foreboding effects of atrazine reported to date are those 
involving the endocrine system and sexual development. Laboratory studies utilizing 
atrazine at ecologically-relevant concentrations (0 .0 1 - 2 0 0  ppb) have induced 
feminization of the larynx and hermaphroditism in X. laevis (Hayes et al. 2002b).
Further, short-term exposure to environmentally-relevant levels of atrazine (21 pg/L) 
during gonadal differentiation resulted in reduced testicular volume, altered testicular 
histology, and testicular resorption and aplasia in males (Tavera-Mendoza et al. 2002b).
In contrast, females did not demonstrate gonadal resorption and exhibited increased 
levels of oogonial development (Tavera-Mendoza et al. 2002b). The occurrence of 
reproductive abnormalities including hermaphroditism and intersexuality in the wild has 
also been correlated with atrazine contamination (Reeder et al. 1998, Hayes et al. 2003). 
As with the growth and developmental effects of atrazine, the effects on reproductive 
development are unclear, as several studies have not been able to replicate these types of 
gonadal anomalies (Coady et al. 2004, Coady et al. 2005, Jooste et al. 2005).
The growth and developmental as well as the reproductive effects of atrazine may 
be endocrine-mediated responses as atrazine has been reported to be an endocrine active 
contaminant. Induction of aromatase and the resulting increase in estrogen 
concentrations may be responsible for the reported feminizing effects of atrazine as well 
as the thyroid-mediated increase in larval period. Induction of a stress response including 
the release of corticosterone-releasing hormone might also explain the growth and 
developmental responses to atrazine (Denver 1993, 1996, 1998, Hayes 2000). Although
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amphibian communities are normally regulated by natural stressors including predation, 
competition and habitat desiccation (Wilbur and Collins 1973, Morin 1983, Wellborn et 
al. 1996), the addition of anthropogenic stressors such as chemical contamination may 
alter this regulation (Boone and Semlitsch 2003). Synergistic effects of natural stressors 
such as predators and anthropogenic stressors such as contaminants may reduce the 
ability of a population to persist. Understanding the interactions between the effects of 
predators and contaminants including atrazine may be important for elucidating the 
causes of localized amphibian population declines.
The present experiment investigates the effects of a non-lethal predator, exposure 
to atrazine, and the interaction effects of these stressors on anuran growth and 
development. Survival, growth, external morphology, and gonadal histology were 
examined for Hyla versicolor (grey treefrog) tadpoles exposed to two sub-lethal 
concentrations of atrazine. Although the behavioral effects of atrazine will likely alter 
the typical response to predators exhibited by anurans, reduced foraging, growth and 
developmental effects are not expected to occur. The additional stress associated with the 
presence of a predator is, however, expected to alter the toxicity of atrazine. Altered 
reproductive development is expected to occur in response to atrazine exposure; however, 
the presence of a non-lethal predator is not expected to alter this effect of atrazine.
Methods
Exposure to sub-lethal concentrations of atrazine and the presence or absence of a 
non-lethal predator were examined in a 2 X 3 randomized complete block experiment. 
This experiment was conducted in four blocks of six glass 9.5-liter tanks (15.5 X 20.5 X 
30.5 cm) arranged in spatial blocks on shelves in a laboratory (16 hours: 8  hours
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light:dark cycle, 26°C). Tanks were filled with 7 liters of aged well water or the 
appropriate atrazine solution and three H. versicolor tadpoles [stage 25 (Gosner 1960), 
0.04 ± 0.01 g] were randomly assigned to each treatment tank on July 9, 2003. Tadpoles 
were drawn from a well-mixed population of tadpoles hatched in the laboratory from an 
egg mass laid by a pair of adults collected while in amplexus. The atrazine exposure 
treatment had two sub-lethal doses (20 and 200 pg/L) and a control (0 pg/L). All stock 
solutions were made by dilution of field grade atrazine (Aatrex Nine-O, Syngenta Corp.) 
in well water, as the inert ingredients in atrazine did not permit the use of ethanol or 
acetone as a solvent. Stock solutions were made weekly in 75.7-liter aquaria and 
subsequently dispensed into treatment tanks to ensure consistent dosing among replicates. 
Stock solutions of the two atrazine concentrations were analyzed at the start of the 
experiment to confirm the effectiveness of the dilution protocol. The concentrations of 
atrazine and its degradation products were confirmed by gas chromatography/mass 
spectrometry (GC/MS) by the U.S. Geological Survey, Water Resources Division, 
Organic Geochemistry Research Laboratory (Lawrence, Kansas). The measured 
concentration of atrazine in the 20 pg/L nominal concentration was 16 pg/L atrazine 
(degradation products: 0.22 pg/L propazine and < 0.05 pg/L cyanazine, deethylatrazine, 
deisopropylatrazine, and simazine). The measured concentration in the 200 pg/L 
nominal concentration was 195 pg/L atrazine (degradation products: 2.48 pg/L 
propazine, 0.54 pg/L simazine, and < 0.05 pg/L cyanazine, deethylatrazine, and 
deisopropylatrazine). As the measured concentrations did not differ drastically from the 
nominal concentrations, all results are reported based on nominal concentrations.
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The two levels of the predator treatment were a caged dragon fly (Anax) larvae, or 
an empty cage. Predators were fed once each week by removing the cage and dropping 
in one or two H. versicolor tadpoles. The empty cages were also removed and replaced 
to simulate the disturbance due to feeding. Tadpoles were fed a 3:1 mixture of finely 
ground Purina rabbit chow and Tetramin fish flakes every other day. Food rations were 
calculated weekly based on the mass of the tadpoles from one replicate. Half of the water 
or atrazine solution was removed and replaced on a weekly basis (average water change 
frequency: 7 ± 0.9 days) as indicated by water quality.
Tadpoles remained in the experimental tanks until front limb emergence (Gosner 
stage 42), at which point the date of metamorphosis was recorded and the animal(s) were 
removed to individual containers. Following completion of metamorphosis, the frogs 
were weighed, their snout-urostyle length measured, and external deformities assessed. 
The frogs were then maintained on a diet of fruit flies and crickets for approximately one 
month to allow the frogs to reach a size suitable for dissection. At that time frogs were 
chilled on ice for several minutes and then euthanized by rapid decapitation. Both 
gonads from each metamorph were removed and preserved in Bouins solution for 24 
hours and then embedded in paraffin. Tissues were then sectioned ( 8  pm) and histology 
slides prepared and stained using hematoxylin and eosin. All slides were number coded 
to remove treatment identifiers and allow for blind assessment of gonadal histology. All 
tissue sections from each gonad were examined for abnormalities and to determine 
histological sex. Gonadal development was evaluated for two sections of each gonad 
using an Olympus BH-2 microscope (500 times magnification) as described in Sretarugsa 
et al. (2001), Oliveira et al. (2002), Manochantr et al. (2003), Tsai et al. (2003), Wolf et
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al. (2004), and Tsai et al. (2005). The proportion of the gonad section in each stage of 
oogenesis or spermatogenesis was visually estimated. A single observer evaluated all 
histology slides to eliminate inter-observer differences in visual estimates.
Calculations and statistical analyses
Tadpole survival was calculated as the proportion of tadpoles from each tank 
surviving to the time of dissection. Percent metamorphosis was calculated as the 
proportion of tadpoles from each tank that reached Gosner stage 42 (Gosner 1960).
Larval period and age were calculated as the number of days between the start of the 
experiment and front limb emergence (Gosner stage 42) and dissection, respectively. 
Proportion data for metamorph sex were calculated relative to the number of animals 
from each tank for which the data were available rather than the total number of tadpoles 
in the tank. As no external abnormalities were observed in any of the metamorphs in this 
experiment, this parameter was not included in any of the analyses.
Statistical tests were conducted on tank means for parameters that were not sex- 
specific (mass, larval period, deformities), whereas parameters that were sex-specific 
(gonadal histology, gonad mass) were tested for statistical differences based on means for 
each sex from each tank. All proportion data (survival, metamorphosis, deformed, sex, 
gonad composition) were arcsine-square root transformed prior to analyses (Zar 1996). 
Separate multivariate analyses (MANOVAs) were conducted for growth/developmental 
parameters and histology measurements. The univariate responses were used to identify 
which response variables were responsible for any overall differences found in the 
MANOVAs. Tukey’s multiple comparison tests were used to determine which
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treatments differed from one another (Tabachnick and Fidell 1996). SPSS 11.0 statistical 
package was used for all statistical analyses.
Results
Atrazine did not have a significant (Wilks’ lambda Fm,2 2  — 1.718, P = 0.124) 
multivariate effect on the growth and developmental responses of H. versicolor, whereas 
the predator treatment had a marginally significant (Wilks’ lambda F7, n = 2.936, P = 
0.054) effect on these parameters (Table 7). Although there was a significant (Wilks’ 
lambda Fi4 ; 2 2 = 3.593, P = 0.004) interaction effect in the multivariate analysis, the 
univariate analyses revealed that this was due only to the response observed for percent 
metamorphosis (P = 0.001) (Table 7). The proportion of tadpoles reaching 
metamorphosis was reduced by exposure to 200 ppb (75.0%) atrazine relative to 
exposure to either 0 ppb (95.8%) or 20 ppb (91.7%) (P = 0.063); however, the effect of 
atrazine on metamorphosis was dependent on the predator exposure treatment. For the 
control and 2 0  ppb atrazine treatments the presence of a non-lethal predator increased the 
proportion of tadpoles reaching metamorphosis, whereas the addition of a predator to the 
2 0 0  ppb atrazine treatment reduced the percentage of tadpoles reaching metamorphosis 
(Figure 14).
Larval period was not significantly influenced by the predator treatment (P = 
0.812); however, atrazine had a marginally significant effect (P = 0.061). Larval period 
was longest for control tadpoles (51.9 days) and was reduced by exposure to increasing 
concentrations of atrazine (48.2 and 45.7 days) (Figure 15). Neither atrazine nor the 
presence of a predator had significant effects on metamorph mass and snout-urostyle 
length (Table 7). Mass and snout-urostyle length were greatest for metamorphs from the
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0  ppb treatment with no predator, and the addition of a non-lethal predator to the control 
reduced both mass and snout-urostyle length (Figure 16). For the atrazine treatments in 
the absence of a predator both mass and snout-urostyle length were slightly reduced 
relative to the control. In contrast to the control, the addition of a non-lethal predator to 
the atrazine treatments increased both metamorph mass and snout-urostyle length (Figure 
16). Although the addition of a non-lethal predator had different impacts on metamorph 
mass and snout-urostyle length in the control than in the atrazine treatments, the 
interaction effect was not statistically significant (P = 0.150 and 0.146, respectively).
Exposure to a non-lethal predator significantly (P = 0.041, Table 7) reduced 
survival to the time of dissection from 69.4% in the no predator treatment to 55.6% when 
a predator was present. Although not statistically significant, survival was also affected 
by the atrazine treatment (P = 0.162, Table 7). Survival was highest in the control 
(87.5%) and decreased in a dose dependent manner to 79.2% in the 20 ppb treatment and 
58.3% in the 200 ppb treatment. Although the interaction effect was not statistically 
significant (P = 0.625), the addition of a non-lethal predator appeared to differentially 
affect survival in the control relative to the atrazine treatments. The addition of a non- 
lethal predator to the atrazine treatments further reduced survival, resulting in the greatest 
decrement in survival occurring in tadpoles exposed to both 2 0 0  ppb atrazine and a non- 
lethal predator (Figure 17). In the controls, however, the addition of a non-lethal predator 
increased the survival rate (Figure 17).
Histological examination of the gonads revealed that the proportion of 
metamorphs that were male was nearly equal across atrazine treatments, ranging from 
56% in the 200 ppb atrazine treatment, to 61% and 62% in the 20 ppb treatment and
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control, respectively. Necessarily, the proportion of metamorphs that were female was 
also nearly equal across atrazine treatments (44%, 39%, and 38%). There were no 
statistically significant differences in the proportion of the metamorphs that were female 
or male among the atrazine (P = 0.960 and P = 0.937, respectively) or predator (P = 0.885 
and P = 0.754, respectively) treatments (Table 7).
Gonad composition and developmental progression did not differ significantly 
among atrazine treatments for females (Wilks’ lambda Fg, io = 1.068, P = 0.452) or males 
(Wilks’ lambda Fi2 , 14 = 0.992, P = 0.500) (Table 8 ). The univariate analyses, however, 
revealed a marginally significant effect (P = 0.068, Table 2) of atrazine on female 
gonadal development. Ovaries from females exposed to 200 ppb atrazine were 
comprised largely of perinuclear oocytes, whereas those exposed to 2 0  ppb and 0  ppb 
atrazine had ovaries comprised of nearly equal proportions of oogonia and oocytes 
(Figure 18). Females exposed to both 20 ppb atrazine and a non-lethal predator had the 
least developed ovaries, which were comprised largely of oogonia (Figure 18). Male 
gonads, in contrast, were comprised entirely of spermatogonia for most of the treatment 
groups (Figure 19). Only the males exposed to 200 ppb atrazine with no predator present 
exhibited more advanced stages of spermatogenesis. The presence of a non-lethal 
predator appeared to reduce the proportion of primary spermatocytes and increase the 
proportion of spermatogonia; however, this effect was only marginally significant (P = 
0.057 and P = 0.051, respectively). The low power observed for these parameters 
suggests that these marginally significant effects would have been significant if the 
sample size had been larger.
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As all metamorphs were dissected at the same time and were thus the same age, 
any differences in gonadal development for either females or males could not be 
attributed to differences in age. In addition, there did not appear to be a relationship 
between gonad composition and the number of days metamorphs were held between 
metamorphosis and dissection (Figure 18 and Figure 19). Overall, developmental rate 
did not appear to affect the stage of gonadal development observed at the time of 
dissection, as there were no significant correlations between larval period or days post 
metamorphosis and the proportion of gonad at each stage of development for individual 
metamorphs (Table 9).
Discussion
The combined effects of atrazine and the presence of a non-lethal predator on 
tadpoles differed from the effects observed for atrazine in the absence of a non-lethal 
predator and the effects of a non-lethal predator in the control treatment. Although 
exposure to sub-lethal concentrations of atrazine did not significantly reduce survival 
rates, the addition of a non-lethal predator decreased survival rates in the atrazine 
treatments, but not in the control. The additional stress associated with the presence of a 
predator apparently increased the lethality of atrazine. Relyea and Mills (2001) found a 
similar response in H. versicolor tadpoles exposed to non-lethal Ambystoma maculatum 
(spotted salamander) and carbaryl. The combined effects of predator presence and 
pesticide exposure likely increase stress on the amphibian’s physiology, but may also 
reduce survival as an indirect result of reduced foraging (Relyea and Mills 2001). 
Anurans typically respond to predators through reduced activity leading to reduced
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foraging, development of inducible defenses, and increased developmental rates (Kats et 
al. 1988, Lima and Dill 1990, Skelly 1992, Relyea and Werner 1999, Relyea 2001).
Previous studies have not shown consistent growth and developmental responses 
to atrazine; however, unlike the present experiment, reductions in larval period in 
response to exposure to increasing concentrations of atrazine were not reported in 
previous studies. Exposure of H. versicolor and X. laevis to concentrations similar to 
those in the present study has been associated with increased time to metamorphosis and 
reductions in body mass and snout-urostyle length at 200 and 200 ppb (Diana et al. 2000, 
Sullivan and Spence 2003). Although time to metamorphosis did increase with exposure 
of X. laevis to increasing concentrations of atrazine, none of the atrazine treatments 
differed from the control and the only significant difference occurred between the 2 0  and 
320 pg/L treatments (Sullivan and Spence 2003). In contrast, Carr et al. (2003) 
demonstrated no effect of atrazine on the growth or developmental rates of A. laevis. The 
increase in larval period in H. versicolor demonstrated by Diana et al. (2000) was only 
evident for the highest concentration (2,000 pg/L) when compared to the 200 pg/L 
treatment, which showed a shortened larval period relative to the control (Diana et al. 
2000). In addition, R. pipiens and Rana clamitans (green frog) tadpoles exposed to sub- 
lethal concentrations of atrazine (20 or 200 pg/L and 10 or 25 pg/L, respectively) showed 
no consistent differences in percent metamorphosis, time to metamorphosis, or 
metamorph size (Allran and Karazov 2000, Coady et al. 2004). These differences in 
growth and developmental responses to atrazine have been attributed to differences in 
species sensitivity to atrazine as well as differences in experimental set-up and the use of
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technical or field-grade (Aatrex Nine-O) atrazine, which contains surfactants that may 
also affect amphibian development.
The effect of atrazine on larval period observed in this experiment was likely 
driven by the effect of adding a non-lethal predator as the no predator treatments had 
similar larval periods across atrazine treatments. The reduction in larval period likely 
occurred as a result of the disparate responses to the presence of a non-lethal predator 
between the control and 200 ppb atrazine treatment. The addition of a predator to the 
control increased the larval period whereas in the 2 0 0  ppb treatment the larval period was 
reduced when a predator was present. Metamorphs from the control predator treatment 
also had reduced mass and snout-urostyle length indicating that these tadpoles reduced 
foraging activity in response to the predator. Atrazine exposed tadpoles did not suffer the 
same growth decrement when exposed to predators, but rather exhibited greater mass and 
snout vent length in the presence of a predator. This may indicate that atrazine altered 
the normal behavioral response to predators. In a similar experiment in which H. 
versicolor tadpoles were exposed to the pesticide carbaryl followed by exposure to a non- 
lethal predator, the tadpoles did respond to the predator by reducing activity levels 
(Bridges 1999a). However, when predators were present the proportion of active time 
that was spent feeding increased (Bridges 1999a). This type of response would reduce 
the growth cost of responding to predators and may decrease the impacts of pesticide 
exposure. Using the same species, however, Relyea and Mills (2001) found a decrease in 
growth that was attributed to reduced foraging and food intake.
The growth and developmental responses to atrazine may not be due to direct or 
behavioral effects, but may instead be mediated by effects on the endocrine system.
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Several hypotheses involving the effects of atrazine on P450 enzymes, estradiol, 
testosterone, thyroid hormones and corticosterone have been put forth to explain the 
effects o f atrazine on growth and development. Induction of aromatase by atrazine 
resulting in increased conversion of testosterone to estradiol and subsequent inhibition of 
thyroxine would lead to slowed development and increased time to metamorphosis 
(Hayes 2000). Stimulation of corticosterone production in early larval stages would also 
slow growth and development, but in the later stages may promote development through 
its effect on the conversion of thyroxine to triiodothyronine (Hayes 2000). Both of these 
hypotheses appear to support a negative effect of atrazine on developmental progression. 
Larson et al. (1998), however, demonstrated increased corticosterone and thyroxine 
concentrations in Ambystoma tigrinum (tiger salamander) tadpoles exposed to atrazine, 
both of which serve to decrease growth and accelerate metamorphosis. Corticosterone 
levels were lower in the 75 pg/L atrazine treatment than in the 250pg/L treatment, a 
difference which resulted in lower levels of the elevated levels of thyroxine being 
converted to triiodothyronine (Larson et al. 1998). This resulted in the effects of atrazine 
varying with atrazine concentration (longer larval period but normal growth at low 
concentration and normal larval period but reduced growth at high concentration). In the 
present experiment corticosterone production would likely have differed among 
treatments in response to both atrazine and the presence of a predator, resulting in the 
highest concentrations occurring in the 2 0 0  ppb treatment in which predators were also 
present. This would explain the decreased larval period observed in this treatment 
combination, but does not readily explain the slight increase in metamorph mass that was 
also present. Although food was supplied based on the number of tadpoles present in
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each tank, the reduced survival in this treatment combination may have led to a release 
from competition resulting in greater growth opportunity. It appears then that complex 
interactions within the endocrine system combined with multiple environmental stimuli 
likely contribute to the seemingly contradictory effects of atrazine on growth and 
metamorphosis both within and among experiments.
Contrary to the well publicized reports of exposure to low levels of atrazine 
resulting in hermaphroditic or feminized frogs (Reeder et al. 1998, Hayes et al. 2002a, 
Hayes et al. 2002b, Tavera-Mendoza et al. 2002b, Carr et al. 2003, Hayes et al. 2003), no 
intersex animals were identified in this experiment. The failure of atrazine exposure to 
produce hermaphroditic or intersex metamorphs is not uncommon (Coady et al. 2004, 
Coady et al. 2005). Coady et al. (2005) did not produce testicular oocytes inX. laevis 
tadpoles treated with atrazine. Other testicular anomalies were observed in the 
laboratory-exposed animals, which were similar to those observed in wild caught 
Xenopus from atrazine contaminated sites (Du Preez et al. 2005, Smith et al. 2005). 
Coady et al. (2004) and Jooste et al. (2005) also did not find hermaphroditic animals 
resulting from exposure to atrazine, but did find abnormal segmentation and testicular 
oocytes or intersex animals. In both of these experiments, however, abnormal 
segmentation was also observed in animals from the reference tanks and there were no 
differences among treatments in the prevalence of testicular oocytes (Coady et al. 2004, 
Jooste et al. 2005). The lack of a concentration response in the prevalence of gonadal 
anomalies was taken to indicate that atrazine had no adverse effect on gonadal 
development and that the observed anomalies may be part of normal ontogenetic 
processes (Jooste et al. 2005). Gonadal anomalies and intersex animals reported to occur
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in the controls in several experiments (Carr et al. 2003, Coady et al. 2004) have been 
summarily dismissed as being the result of atrazine contamination of the controls (Hayes 
2004). Disregarding studies in which gonadal anomalies occur in control animals and the 
practice of limiting detailed histological examination to gonads exhibiting gross 
abnormalities may result in loss of information on gonadal development, both normal and 
chemically altered.
Some of the disagreement about the effects of atrazine on gonadal development 
may stem from differences in the categorization of gonadal anomalies. For example,
Carr et al. (2003) reported underdeveloped ovaries and testes that were flat and smaller 
than those of the control as “mixed-sex” and grouped these animals with those exhibiting 
left/right or rostral/caudal intersexuality. Gonadal anomalies in some experiments have 
been limited to hermaphrodites and intersex animals that were apparent on gross 
examination, whereas other experiments have included intersex animals apparent only on 
microscopic examination of the gonad (e.g., testicular oocytes). In addition, rudimentary 
hermaphrodites, juvenile animals containing both testicular and ovarian tissue, are often 
grouped with animals exhibiting abnormal effects of atrazine, but may actually represent 
a normal developmental progression (Jooste et al. 2005).
In the present experiment, histological examination of the gonads did not reveal 
any hermaphrodites, mixed-sex, or intersex animals; however, many of the gonads were 
underdeveloped and may have been considered anomalies by other authors (Carr et al. 
2003). In the present study, rather than classify these gonads as abnormal, the degree of 
gonadal development was assessed (Sretarugsa et al. 2001, Manochantr et al. 2003). 
Exposure to atrazine did appear to increase gonadal development; however, this effect
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
was also altered by the predator treatment. Female gonadal development was more 
advanced in tadpoles exposed to 2 0 0  ppb atrazine, and the addition of a predator to this 
treatment resulted in the most advanced ovarian development. In contrast, in the 20 ppb 
atrazine treatment ovarian development was similar to the control when no predator was 
present, but was less advanced when a predator was present. Interestingly, the gonadal 
development of these animals was similar to the “mixed-sex” animals that were reported 
by Carr et al. (2003) to occur only in the 25 ppb atrazine treatment. The response 
observed in the high atrazine treatment is logical if atrazine is serving to increase 
estrogen concentrations through conversion of androgens (Sanderson et al. 2001).
Despite similar endocrine and developmental conditions, tadpoles exposed to 20 ppb 
atrazine and a predator exhibited reduced gonadal development, perhaps indicating that 
these responses are not due to endocrine modulation by atrazine. In males, gonadal 
development was increased only for tadpoles exposed to atrazine in the absence of a 
predator. Similar to females, the most advanced gonadal development was seen in 
tadpoles exposed to 200 ppb atrazine. In contrast to females, however, this 
developmental advancement is not logical if atrazine is reducing androgen concentrations 
through conversion to estrogens (Sanderson et al. 2001). The results of this experiment 
do not indicate consistent effects of atrazine on reproductive development and gonadal 
histology of this species, and further are not consistent with effects of atrazine-induced 
alteration of reproductive hormones.
The results of this study indicate that atrazine alone and especially in combination 
with the presence of a predator can affect anuran survival, growth and developmental 
rates, and reproductive development. Atrazine can alter the normal response to
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environmental stressors and can lead to inappropriate or maladaptive responses.
Although the response seen in this experiment, reduced larval period and increased 
metamorph size, could potentially contribute to improved fitness, other studies have 
reported effects of atrazine on growth that would negatively affect fitness (Sullivan and 
Spence 2003, Coady et al. 2004). The potentially negative effects of atrazine on 
amphibian fitness have further been cited as potential contributors to amphibian decline; 
however, this may be hasty given the inconsistencies in the growth and developmental 
responses to atrazine exposure. The effects of atrazine on reproductive development 
have also been purported as possible contributors to amphibian decline, but are similarly 
fraught with inconsistencies. Future research should utilize well-designed experiments to 
work toward clarifying the effects of atrazine. More complex experiments that include 
pertinent environmental parameters will be important for predicting the effects of atrazine 
on amphibian survival. Additionally, normal ontogenetic changes in amphibian gonadal 
histology should be established to clarify what phenotypes represent abnormalities.
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Table 7. Results of the MANOVA and ANOVAs for growth and development of H. 
versicolor tadpoles exposed to two sub-lethal concentrations of atrazine ( 2 0  and 2 0 0  









Atrazine 14,22 2.280E-01 1.718 0.124 0.522 0.703
Predator 7,11 3.490E-01 2.936 0.054 0.651 0.695
Atr azi ne * Predator 14,22 9.300E-02 3.593 0.004 0.696 0.976
ANOVAs
Mean Partial Observed
Source df square F P eta2 power
Asin % metamorphosis
Atrazine 2 2.880E-01 3.270 0.063 0.278 0.543
Predator 1 3.602E-02 0.817 0.379 0.046 0.137
Atrazine*Predator 2 5.320E-01 12.070 0 . 0 0 1 0.587 0.985
Error 17 4.409E-02
Larval period
Atrazine 2 6.647E+01 3.309 0.061 0.280 0.548
Predator 1 1.170E+00 0.058 0.812 0.003 0.056
Atrazine*Predator 2 3.983E+01 1.983 0.168 0.189 0.352
Error 17 2.009E+01
Mass (g)
Atrazine 2 4.514E-05 0 . 0 1 0 0.990 0 . 0 0 1 0.051
Predator 1 3.169E-05 0.007 0.934 0 . 0 0 0 0.051
Atrazine*Predator 2 9.603E-03 2.127 0.150 0 . 2 0 0 0.375
Error 17 4.516E-03
Snout-urostvle (mm)
Atrazine 2 1.420E-01 0 . 1 2 0 0 . 8 8 8 0.014 0.065
Predator 1 3.790E-01 0.319 0.579 0.018 0.083
Atrazine*Predator 2 2.567E+00 2.164 0.146 0.203 0.381
Error 17 1.186E+00
Asin% Survival
Atrazine 2 1.900E-01 2.028 0.162 0.280 0.548
Predator 1 4.590E-01 4.901 0.041 0.224 0.551
Atrazine*Predator 2 4.530E-02 0.484 0.625 0.054 0.116
Error 17 9.370E-02
Asin%Female
Atrazine 2 1.610E-02 0.040 0.960 0.005 0.055
Predator 1 8.610E-03 0 . 0 2 2 0.885 0 . 0 0 1 0.052
Atrazine*Predator 2 5.200E-01 1.309 0.296 0.133 0.244
Error 17 3.980E-01
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Table 7 cont.
Asin%Male
Atrazine 2 2.570E-02 0.066 0.937 0.008
Predator 1 3.970E-02 0.101 0.754 0.006
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Table 8 . Results of the MANOVAs and ANOVAs for gonadal development of female 
and male H. versicolor tadpoles exposed to two sub-lethal concentrations of atrazine (20 










Atrazine 2 , 8 5.100E-01 3.841 0.068 0.490 0.523
Predator 1 , 8 9.980E-01 0.014 0.908 0 . 0 0 2 0.051
Atrazine*Predator 2 , 8 7.290E-01 1.490 0.282 0.271 0.232
MALES
Atrazine 6 , 2 0 4.520E-01 1.627 0.192 0.328 0.486
Predator 3, 10 6.630E-01 1.691 0.231 0.337 0.316
Atrazine * Predator 6 , 2 0 3.940E-01 1.976 0.117 0.372 0.579
ANOVAs
Mean Partial Observed
Source df square F P eta2 Power
FEMALES
Asin OOG
Atrazine 2 5.340E-01 3.841 0.068 0.490 0.523
Predator 1 1.995E-03 0.014 0.908 0 . 0 0 2 0.051
Atrazine* Predator 2 2.070E-01 1.490 0.282 0.271 0.232
Error 8 1.390E-01
Asin PERI
Atrazine 2 5.340E-01 3.841 0.068 0.490 0.523
Predator 1 1.995E-03 0.014 0.908 0 . 0 0 2 0.051




Atrazine 2 1.250E-01 2 . 0 0 0 0.178 0.250 0.333
Predator 1 2.760E-01 4.423 0.057 0.269 0.490
Atrazine*Predator 2 1.440E-01 2.310 0.142 0.278 0.378
Error 1 2 6.230E-02
AsinSPCl
Atrazine 2 1.020E-01 2 . 0 1 0 0.177 0.251 0.334
Predator 1 2.390E-01 4.691 0.051 0.281 0.513
Atrazine* Predator 2 1.210E-01 2.365 0.136 0.283 0.386
Error 1 2 5.100E-02
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Table 8  cont. 
Asin SPT
Atrazine 2 5.555E-03 2.621 0.114 0.304 0.422
Predator 1 6.103E-03 2.880 0.115 0.194 0.346
Atrazine * Predator 2 5.555E-03 2.621 0.114 0.304 0.422
Error 1 2 2.120E-03
Asin SPZ
Atrazine 2 2.469E-03 0.874 0.442 0.127 0.166
Predator 1 2.712E-03 0.960 0.347 0.074 0.147
Atrazine * Predator 2 2.469E-03 0.874 0.442 0.127 0.166
Error 1 2 2.830E-03
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Table 9. Results of the correlation analysis between larval period and days post 
metamorphosis and stages of gonadal development of H. versicolor metamorphs exposed 
to two sub-lethal concentrations of atrazine ( 2 0  and 2 0 0  ppb), a control ( 0  ppb), and the 
presence or absence of a non-lethal predator.___________________________________
Larval





period r 1 . 0 0 0 0.213 0.059 -0.107 -0.198 -0.178 -0.156 -0.999
Sig. 0.242 0.749 0.559 0.278 0.331 0.393 0 . 0 0 0
N 48 32 32 32 32 32 32 48
Pearsons'
OOG r 0.213 1 . 0 0 0 0.160 -0.665 -0.175 -0.151 -0 . 1 1 1 -0 . 2 1 1
Sig. 0.242 0.383 0 . 0 0 0 0.337 0.409 0.545 0.247
N 32 32 32 32 32 32 32 32
Pearsons'
PERI r 0.059 0.160 1 . 0 0 0 -0.772 -0.204 -0.176 -0.129 -0.051
Sig. 0.749 0.383 0 . 0 0 0 0.263 0.336 0.481 0.783
N 32 32 32 32 32 32 32 32
Pearsons'
SPG r -0.107 -0.665 -0.772 1 . 0 0 0 -0.074 -0.106 -0.137 0 . 1 0 0
Sig. 0.559 0 . 0 0 0 0 . 0 0 0 0 . 6 8 8 0.563 0.454 0.585
N 32 32 32 32 32 32 32 32
Pearsons'
SPC1 r -0.198 -0.175 -0.204 -0.074 1 . 0 0 0 0.988 0.895 0.197
Sig. 0.278 0.337 0.263 0 . 6 8 8 0 . 0 0 0 0 . 0 0 0 0.281
N 32 32 32 32 32 32 32 32
Pearsons'
SPT r -0.178 -0.151 -0.176 -0.106 0.988 1 . 0 0 0 0.892 0.177
Sig. 0.331 0.409 0.336 0.563 0 . 0 0 0 0 . 0 0 0 0.333
N 32 32 32 32 32 32 32 32
Pearsons'
SPZ r -0.156 -0 . 1 1 1 -0.129 -0.137 0.895 0.892 1 . 0 0 0 0.157
Sig. 0.393 0.545 0.481 0.454 0 . 0 0 0 0 . 0 0 0 0.392





r -0.999 -0 . 2 1 1 -0.051 0 . 1 0 0 0.197 0.177 0.157 1 . 0 0 0
Sig. 0 . 0 0 0 0.247 0.783 0.585 0.281 0.333 0.392
N 48 32 32 32 32 32 32 48
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no predator predator no predator predator no predator predator
0 ppb 20 ppb 200 ppb
Figure 14. The proportion (1SEM) of H. versicolor tadpoles exposed to two sub-lethal 
concentrations of atrazine ( 2 0  and 2 0 0  ppb), a control ( 0  ppb), and the presence or 
absence of a non-lethal predator that reached metamorphosis (Gosner stage 42).
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no predator predator no predator predator no predator predator
0 ppb 20 ppb 200 ppb
Figure 15. The larval period (1SEM) of H. versicolor tadpoles exposed to two sub-lethal 
concentrations of atrazine (20 and 200 ppb), a control (0 ppb), and the presence or 
absence of a non-lethal predator.
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^ no predator predator no predator predator no predator predator
0 ppb 20 ppb 200 ppb
Figure 16. The (a) mass and (b) snout-urostyle length (1SEM) of H. versicolor tadpoles 
exposed to two sub-lethal concentrations of atrazine ( 2 0  and 2 0 0  ppb), a control ( 0  ppb), 
and the presence or absence of a non-lethal predator.
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^ no predator predator no predator predator no predator predator
0 ppb 20 ppb 200 ppb
Figure 17. The proportion (1SEM) of H. versicolor tadpoles exposed to two sub-lethal 
concentrations of atrazine ( 2 0  and 2 0 0  ppb), a control ( 0  ppb), and the presence or 
absence of a non-lethal predator surviving to the time of dissection.
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Figure 18. The proportion of the female gonad comprised of oogonia (OOG) and 
perinuclear oocytes (PERI) for H. versicolor tadpoles exposed to two sub-lethal 
concentrations of atrazine ( 2 0  and 2 0 0  ppb), a control ( 0  ppb) and the presence or 
absence of a non-lethal predator.
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Figure 19. The proportion of the male gonad comprised of spermatogonia (SPG), 
primary spermatocytes (SPC1), spermatids (SPT), and spermatozoa (SPZ) for H. 
versicolor tadpoles exposed to two sub-lethal concentrations of atrazine ( 2 0  and 2 0 0  
ppb), a control ( 0  ppb), and the presence or absence of a non-lethal predator.
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GONADAL HISTOLOGY AND REPRODUCTIVE STEROIDOGENESIS OF 
ANURANS EXPOSED TO ATRAZINE
Introduction
Considerable recent interest has focused on the potential for atrazine to act as an 
endocrine disruptor in amphibians. Used to control pre- and post-emergent broadleaf 
weeds and grasses on golf courses and in com and other crops, atrazine is the most 
heavily used agricultural pesticide in the United States (Solomon et al. 1996). The 
application of atrazine occurs in the spring and early summer and coincides with the 
breeding period of many amphibians. Atrazine is fairly mobile and often enters nearby 
water bodies as a result of run-off. As a result, atrazine is common in surface waters and 
occurs at levels generally below 50 pg/L in rivers and streams, but can be found at much 
higher concentrations (>500 pg/L) in areas subject to run-off from treated fields 
(Solomon et al. 1996). Wetlands adjacent to agricultural fields comprise the breeding 
habitat for many amphibians, resulting in exposure of breeding adults to high levels of 
atrazine. The persistence of atrazine also results in chronic exposure of eggs and 
developing larvae to varying levels of atrazine. Thus, atrazine has the potential to have 
wide spread and profound effects on amphibian development.
Field and laboratory studies, however, have not demonstrated clear and consistent
effects of atrazine on amphibian development. Field surveys of Rana pipiens (Northern
leopard frog) demonstrated a correlation between the occurrence of reproductive
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abnormalities (hermaphroditism) and detection of atrazine in associated water samples, 
whereas a survey of Acris crepitans (Northern cricket frog) did not demonstrate a 
significant correlation between intersexuality and atrazine contamination (Reeder et al. 
1998, Hayes et al. 2003). As the water samples analyzed in these field surveys may not 
accurately reflect the atrazine levels present throughout the development of the collected 
animals, the relationship between the observed reproductive abnormalities and exposure 
to atrazine could not be clearly established.
Despite more controlled conditions exposure of developing amphibians to 
atrazine in the laboratory has also been unable to clearly establish effects of atrazine on 
amphibian gonadal development. Several studies suggest that exposure of larval anurans 
to sub-lethal levels of atrazine may affect gonadal development. The nature and degree 
of disruption of gonadal development as well as the concentration of atrazine necessary 
to produce the observed effects on reproductive physiology, however, varied among these 
studies. Exposure to ecologically relevant concentrations (0.01-200 ppb) of atrazine has 
been shown to result in feminization of the male larynx, delayed testicular development, 
advanced oogonial development, and hermaphroditism in A  laevis (Hayes et al. 2002b, 
Tavera-Mendoza et al. 2002a, Tavera-Mendoza.et al. 2002b). Although Carr et al. (2003) 
and Jooste et al. (2005) also reported gonadal anomalies in A  laevis metamorphs, 
including intersexuality and discontinuous gonads, the observed effects differed among 
these experiments and could not be confidently attributed to atrazine. The intersex 
animals described by Jooste et al. (2005) were characterized by the presence of testicular 
oocytes, which occurred at similar rates in all of the atrazine treatments as well as the 
controls. The incidence of testicular oocytes also did not demonstrate a response to
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exposure concentrations of atrazine for R. clamitans tadpoles exposed to 0-25 pg/L 
atrazine (Coady et al. 2004). Although the incidence of intersex gonads reported by Carr 
et al. (2003) was higher in X. laevis exposed to 25 pg/L atrazine, intersex gonads did 
occur in control animals. The intersex gonads in the atrazine treatments and the control 
were underdeveloped, flat, or small gonads and did not resemble the intersex gonads 
(ambiguous gonad tissue) found in animals exposed to estradiol in the same experiment. 
As such, the gonadal anomalies in the atrazine exposures could not be attributed to 
estrogen-like effects of atrazine. Furthermore, several experiments reported that atrazine 
did not significantly affect any of the measured parameters of gonadal development 
(ultrastructure, gonadosomatic index, germ cell development) (Coady et al. 2005, Hecker 
et al. 2005a).
Although the results of several atrazine exposure studies could be taken to 
indicate an effect of atrazine on gonadal morphology, the presence of gonadal anomalies 
in the controls cannot be ignored. The occurrence of intersex animals in the controls is 
often attributed to contamination, but may also indicate that this type of gonadal anomaly 
is not due to atrazine exposure. Several species of anurans, including Rana temporaria 
(European common frog) (Witschi 1929), Rana catesbeiana (bullfrog) (Hsu and Liang 
1970), and Rana curtipes (bicolored frog) (Gramapurohit et al. 2000), have been reported 
to have natural intersex phases during gonadal development. Thus, some of the gonadal 
anomalies previously attributed to atrazine could be a natural phenomenon and due to 
ontogenetic changes rather than the endocrine disrupting effects of atrazine.
Hormone concentrations following exposure to atrazine have also demonstrated 
considerable variability, limiting the ability to ascribe the results to effects of atrazine.
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Laboratory exposure to atrazine has resulted in no differences in plasma hormone 
concentrations among treatments (Hecker et al. 2005a), or inconsistent responses across 
treatments (Coady et al. 2005). Lower plasma concentrations of estradiol were observed 
in males exposed to 1.0 pg/L atrazine, but higher and lower concentrations of atrazine 
(0.1, 10, or 25 pg/L) did not produce similar results (Coady et al. 2005). Gonadal 
aromatase activity also did not differ among atrazine treatments in these experiments 
(Coady et al. 2005, Hecker et al. 2005a). Similarly, gonadal and brain aromatase activity 
did not differ significantly from controls for X. laevis exposed to 25 pg/L atrazine 
(Villeneuve et al. 2002). A field survey of X  laevis in ponds in South Africa 
demonstrated negative correlations between atrazine and plasma testosterone and 
estradiol concentrations, but no correlation with gonadal aromatase activity (Hecker et al. 
2004). As a result of high variability among sites, correlations with physical site 
parameters, the presence of multiple contaminants at many of the sites, and the presence 
of atrazine in some of the reference sites, the authors could not pinpoint atrazine as the 
causative agent. Additionally, the results of this study were not consistent with the 
proposed hypothesis (Hayes et al. 2002b) that the effects of atrazine result from 
aromatase induction and conversion of testosterone to estradiol. The observed effects of 
atrazine on reproductive steroid hormone concentrations may thus be mediated by 
another mechanism of action.
As the most upstream neuroendocrine regulator of the hypothalamic-pituitary- 
gonadal (HPG) axis, gonadotropin-releasing hormone (GnRH) is susceptible to the direct 
effects of sex steroid hormones (Tsai 2003) and may also be the target of endocrine 
disrupting contaminants (Gore 2001). Although brain gonadotropin-releasing hormone
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(GnRH) concentrations have not been measured in anurans following exposure to 
atrazine, studies with rats have suggested that the effects of atrazine on circulating 
gonadotropins and sex steroid hormone concentrations are mediated through a 
hypothalamic site of action (Cooper et al. 1999, Cooper et al. 2000). Brain GnRH 
concentrations in R. pipiens have, however, been shown to be highly stable, remaining 
unaltered following exposure to estradiol and dihydrotestosterone (DHT) (Tsai et al.
2003, Tsai et al. 2005). GnRH release, however, being subject to hormonal feedback 
may be altered by exogenous hormones (Tsai et al. 2003, Tsai et al. 2005) and may be 
susceptible to endocrine disrupting contaminants.
As studies on the effects of atrazine on gonadal development have been 
inconclusive if not controversial and few studies have reported the effects of atrazine on 
hormone concentrations, assessing the potential for atrazine to act as an endocrine 
disrupting contaminant in amphibians and other animals requires further investigation. 
The objective of this experiment was to investigate the potential for atrazine to act as an 
endocrine disruptor and alter reproductive development of an anuran. This experiment 
tests the effects of exposure to atrazine on growth and development, gonadal histology, 
reproductive steroidogenesis, and brain GnRH concentrations in R. pipiens. Although 
many experiments on this subject have used A! laevis, R. pipiens has demonstrated 
gonadal anomalies following exposure to atrazine (Hayes et al. 2002b, Tavera-Mendoza 
et al. 2002a, Tavera-Mendoza et al. 2002b, Hayes et al. 2003). Additionally, the use off?. 
pipiens may provide data that is more applicable to environmental situations in the 
United States and data that may be more generalizable to other species of anurans. 
Measuring brain GnRH concentrations may provide evidence that endocrine disrupting
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effects of atrazine may occur at higher levels in the hypothalamic-pituitary-gonadal axis 
and may indicate previously undocumented mechanisms of action for atrazine.
Methods
Survival, growth, external morphology, and gonadal histology and 
steroidogenesis of R. pipiens in response to three sub-lethal levels of atrazine (2, 20, 200 
ppb) were examined in a randomized complete block experiment. This experiment was 
conducted in eight blocks of four 9.5-liters glass tanks (15.5 X 20.5 X 30.5 cm) arranged 
in spatial blocks on shelves in a laboratory (16 hours: 8  hours light:dark cycle, 24°C). 
Tanks were filled with 7 liters of aged well water or the appropriate atrazine solution on 
November 20, 2003. The animals for this experiment were purchased as egg masses 
from a biological supply house (Carolina Biological Supply). The egg masses were 
maintained in separate aquaria until the hatched tadpoles reached stage 25 [(Gosner 
1960); 0.024 +/- 0.005g], Hatchlings from all of the egg masses were well mixed to limit 
genetic differences among tanks. Three tadpoles were drawn from this aggregate 
population and randomly assigned to each tank. Tadpoles were fed a 3:1 mixture of 
finely ground Purina rabbit chow and Tetramin fish flakes every other day. Food rations 
( 1 0 % of body mass per tadpole per day) were calculated weekly based on the mass of the 
tadpoles from one replicate. The atrazine exposure treatment consisted of three sub- 
lethal doses (2, 20, and 200 pg/L) and a control (0 pg/L). All stock solutions were made 
by dilution of field grade atrazine (Aatrex Nine-O, Syngenta Corp.) in well water, as the 
inert ingredients in atrazine did not permit the use of ethanol or acetone as a solvent. 
Stock solutions were made weekly in 75.7-liter aquaria and subsequently dispensed into 
treatment tanks to ensure consistent dosing among replicates. Although atrazine
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concentrations were not confirmed in this experiment, stock solutions of two atrazine 
concentrations were analyzed for a prior experiment to confirm the effectiveness of the 
dilution protocol. The concentrations of atrazine and its degradation products were 
confirmed by gas chromatography/mass spectrometry (GC/MS) by the U.S. Geological 
Survey, Water Resources Division, Organic Geochemistry Research Laboratory 
(Lawrence, Kansas). The measured concentration of atrazine in the 20 pg/L nominal 
concentration was 16 pg/L atrazine (degradation products: 0.22 pg/L propazine and < 
0.05 pg/L cyanazine, deethylatrazine, deisopropylatrazine, and simazine). The measured 
concentration in the 200 pg/L nominal concentration was 195 pg/L atrazine (degradation 
products: 2.48 pg/L propazine, 0.54 pg/L simazine, and < 0.05 pg/L cyanazine, 
deethylatrazine, and deisopropylatrazine). As the measured concentrations did not differ 
drastically from the nominal concentrations, all results are reported based on nominal 
concentrations. A positive control, exposure to estradiol (HPLC grade 17-P estradiol, 
Steraloids Inc.) was included as a basis for comparison and indication of whether atrazine 
has an estrogen-like effect on anuran development. Estradiol was dissolved in ethanol to 
obtain a 0.35 mg/mL dosing solution. The final concentration of estradiol (0.05 ppm) in 
the exposure tanks was achieved by adding 0.5 mL of the dosing solution to 7 L of well 
water. The estradiol tanks were placed together on the lowest shelf in the laboratory to 
avoid potential contamination of the atrazine tanks with estradiol. Three-quarters of the 
water, estradiol, or atrazine solution was changed in each tank on at least a weekly basis 
as indicated by water quality (average water change frequency 3.4 ± 1.9 days).
Exposure to atrazine continued throughout the larval period. Upon 
metamorphosis [front limb emergence, stage 42 (Gosner I960)] animals were removed
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from the treatment tanks and held in individual containers. Following tail resorption, 
each animal was weighed, snout-urostyle length measured, and external abnormalities 
were assessed. Metamorphs were held in individual containers and maintained on a diet 
of crickets and fruit flies for approximately one month following metamorphosis to allow 
metamorphs to reach a size suitable for dissection. Metamorphs were then weighed and 
measured and assessed for external abnormalities. Frogs were chilled on ice for several 
minutes and then euthanized by rapid decapitation.
The gonad tissue was removed for bioassay to determine the in vitro steroidogenic 
capacity of the tissue. The right gonad from each metamorph was placed in a well of a 
24-well plate containing 500 pL of pre-incubation media (Krebs-Ringer Bicarbonate 
solution at pFl 7.3 with Penicillin/streptomycin). Tissues were incubated for 30 minutes 
at 18°C. The pre-incubation media was then removed and replaced with 500 pL culture 
media supplemented with pregnenolone (127 ng/mL media). Following 4 hours of 
incubation at 18°C, the media were collected and stored at -80°C until extracted and 
assayed for androgens and estradiol by radioimmunoassay (RIA) following the 
procedures described Sower and Schreck (1982) and Sower et al. (1983). I used 
antiestradiol-17(3 (S-244) at a dilution of 1:34,000 for estradiol-17(3 and the antisera 11- 
BSA (antitestosterone) at a dilution of 1:40,000 for androgens, both obtained from G. 
Niswender (Colorado State University, Fort Collins, CO). The testosterone antibody 
cross-reacts with testosterone (100%) and dihydrotestosterone (69%), thus total androgen 
concentrations are reported. The lower limit of detection of both assays was 7.8 pg/0.1 
mL. The intraassay and interassay coefficients of variation for the estradiol RIA were 
0.03 and 0.22, respectively and 0.13 and 0.42, respectively for the androgen RIA. The
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antibody efficiency ranged from 32% to 37% and from 23% to 25% in the estradiol and 
androgen assays, respectively.
Following incubation, gonads were blotted dry and weighed. Both gonads from 
each metamorph were preserved in Bouins solution for 24 hours and then embedded in 
paraffin. Tissues were then sectioned ( 8  pm) and histology slides prepared and stained 
using hematoxylin and eosin. All slides were number coded to remove treatment 
identifiers and allow for blind assessment of gonadal histology. All tissue sections were 
examined for abnormalities and to determine histological sex. Gonadal development was 
evaluated using an Olympus BH-2 microscope (500 times magnification) for two sections 
of each gonad as described in Sretarugsa et al. (2001), Oliveira et al. (2002), Manochantr 
et al. (2003), Tsai et al. (2003), Wolf et al. (2004), and Tsai et al. (2005). The proportion 
of the gonad section in each stage of oogenesis or spermatogenesis was visually 
estimated.
Brains were also removed, flash frozen in liquid nitrogen, and stored at -80°C 
until extraction, purification by HPLC, and radioimmunoassay for mammalian GnRH. 
Brains were extracted as described by Yu et al. (1987) and Fahien and Sower (1990).
The brain extract was filtered using an ACRO LC 13 (0.45 pm) filter and then eluted on 
an HPLC system following the methods of Fahien and Sower (1990), Calvin et al.
(1993), and Conlon et al. (1993). The extract was injected into a 20 pL loop on a Perkin- 
Elmer HPLC system with a Pecosphere 3CR C l 8  (0.46 x 8.3 cm) reverse-phase column. 
The isocratic phase was a solution comprised of 7.40 g ammonium acetate and 3.04 g 
citric acid in 1 L of 19% acetonitrile in water (final pH adjusted to 4.6 with phosphoric
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acid) (Stoppa et al. 1988). The flow rate was 2 mL/min and fractions (600 pL) were 
collected every 18 seconds for the first 13 fractions.
Preliminary tests indicated that GnRH levels in R. pipiens metamorph brains were 
below the level of detection of the assay. As a result brains were pooled based on 
treatment, histological sex, and the presence or absence of external deformities into 
groups of four or more brains when possible. I determined brain GnRH concentrations 
by RIA following the methods of Stoppa et al. (1988), Fahien and Sower (1990), and 
Conlon et al. (1993) using synthetic mammalian GnRH as the radioiodinated tracer 
(Perkin Elmer, Boston, MA) and standard (Peninsula Laboratories, Belmont, CA). The 
antiserum was used at a concentration of 1:100,000 (R1245; from T. Nett, Colorado State 
University, Fort Collins, CO). The antibody binding ranged from 26.5 to 29.5%. The 
intraassay and interassay coefficients of variation were 0.17 and 0 .1 0 , respectively. 
Calculations and statistical analyses
Tadpole survival was calculated as the proportion of tadpoles from each tank 
surviving to the time of dissection. Percent metamorphosis was calculated as the 
proportion of tadpoles from each tank that reached Gosner stage 42 (Gosner 1960).
Larval period and age were calculated as the number of days between the start of the 
experiment and front limb emergence (Gosner stage 42) and dissection, respectively. 
Proportion data for deformities and sex were calculated relative to the number of animals 
from each tank for which the data were available rather than the total number of tadpoles 
in the tank.
Statistical tests were conducted on tank means for parameters that were not sex- 
specific (mass, larval period, deformities), whereas parameters that were sex-specific
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(reproductive steroidogenesis, gonadal histology, gonad mass) were tested for statistical 
differences based on means for each sex from each tank. All proportion data (survival, 
metamorphosis, deformed, sex, gonad composition) were arcsine-square root transformed 
while endocrinology data were log transformed prior to analyses (Zar 1996). 
Endocrinology data were additionally corrected for correlation between steroid 
production and metamorph mass and gonad mass by dividing estradiol and androgens 
concentrations by these measures of mass. Separate multivariate analyses (MANOVAs) 
were conducted for growth/developmental parameters and endocrinology/histology 
measurements. The univariate responses were used to identify which response variables 
were responsible for any overall differences found in the MANOVAs. Tukey’s multiple 
comparison tests were used to determine which treatments differed from one another 
(Tabachnick and Fidell 1996). As a result of the grouping of brains that was necessary to 
achieve GnRH concentrations that were above the detection limits of the assay, the 
GnRH data do not correspond to tank means and were analyzed separately. SPSS 11.0 
statistical package was used for all statistical analyses.
Results
The growth and development of R. pipiens tadpoles was significantly (Wilks’ 
lambda = 0.073, F4 4 i 74644 = 1.662, P = 0.026) altered by exposure to sub-lethal levels of 
atrazine (Table 10). Metamorph mass and snout-urostyle length differed significantly 
among treatment groups (P < 0.001 and P < 0.001); however, the differences were due to 
the increased mass and snout-urostyle length of the metamorphs from the positive control 
(estradiol) (Table 10, Figure 20). Metamorphs from the remaining treatment groups had 
similar mass and snout-urostyle length measures (Figure 20). Exposure to atrazine did
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not significantly affect the proportion of tadpoles reaching metamorphosis, survival to the 
time of dissection, or larval period (P = 0.351, P = 0.292, P = 0.235, respectively) (Table 
10). The proportion of tadpoles surviving to metamorphosis was lowest in the 2 ppb and 
200 ppb atrazine treatments (83%), followed by the positive control (estradiol) (85.7%), 0 
ppb atrazine treatment (87.5%), and was highest in the 20 ppb atrazine treatment (100%). 
The proportion of tadpoles surviving to dissection was lowest in the 200 ppb (40%) and 
highest in the 20 ppb atrazine treatment (69%) (Figure 21). Larval period ranged from 
56.3 days in the 20 ppb atrazine treatment to 62.0 days in the 2 ppb atrazine treatment. 
The 200 ppb (56.4 days) and 0 ppb (60.7 days) atrazine treatments, and positive control 
(estradiol) (61.5 days) had intermediate larval periods.
The only external abnormality observed at the time of dissection was a slight 
curvature of the spine. This deformity occurred in only eight metamorphs, which were 
distributed among the control and treatment groups and as such the proportion of 
metamorphs exhibiting external abnormalities did not differ significantly among 
treatment groups (P = 0.677, Table 10). During the larval period, sixteen tadpoles were 
observed to have bent or curved tails. The occurrence of this abnormality also did not 
differ significantly among treatment groups (P = 0.556, Table 10) and did not necessarily 
indicate the occurrence of a spinal curvature in the resulting metamorph.
Inspection of gonadal histology revealed that the proportion of metamorphs that 
were male ranged from 15-21% in the 20 and 200 ppb atrazine treatments to 46-52% in 
the controls and 2 ppb treatment (Figure 22). Conversely, females comprised 80% of 
metamorphs in the 20 ppb treatment and 34-50% in the remaining treatments (Figure 22). 
Numerous intersex metamorphs were identified based on the presence of testicular
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oocytes. The proportion of metamorphs that were intersex was highest in the positive 
control (estradiol) and the 200 ppb atrazine treatment (20 and 29%, respectively).
Intersex animals were found in all of the remaining treatment groups at rates of 5 to 12% 
(Figure 22). There were, however, no statistically significant differences in the 
proportion of metamorphs that were female, intersex, or male among any if the treatment 
groups (P = 0.207, P = 0.332, and P = 0.287, respectively, Table 10). Changes in gonadal 
development due to exposure to atrazine could not be assessed as all of the female gonads 
were comprised entirely of perinuclear oocytes and all of the male gonads were 
comprised entirely of spermatogonia. Intersex gonads were comprised of spermatogonia 
with a few to several perinuclear oocytes. The proportion of the intersex gonad 
comprised of oocytes ranged from 1% in the positive control (estradiol) to 5% in the 2 
and 20 ppb treatments (Figure 23) and did not differ significantly among treatment 
groups (P = 0.624, Table 11).
Production of estradiol and androgens differed significantly among the sexes (F2j 
33 = 4.627, P = 0.017 and F2 j 33 = 33.049, P < 0.001, respectively). The concentration of 
estradiol produced by female metamorphs (0.71 pg/O.lmL) was half that produced by the 
intersex (1.46 pg/0. lmL) and male (1 . 6 6  pg/0. lmL) metamorphs (Figure 24). The 
production of androgens was highest for the intersex animals (146.92 pg/O.lmL) 
followed by males (95.92 pg/O.lmL) and was lowest for females (15.06 pg/O.lmL) 
(Figure 24).
Gonadal development and reproductive steroidogenesis were not significantly 
affected by exposure to atrazine for females, intersex animals, or males (Wilks’ lambda = 
0.297, F20,4 0 .7 4 9 =  0.900, P = 0.589, Wilks’ lambda = 0.010, Fi6, 3.693 = 0.804, P = 0.669,
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and Wilks’ lambda = 0.274, F 2 0 ,30 .799= 0.735, P = 0.762, respectively) (Table 11). The 
concentrations of estradiol and androgens produced by female gonads from all of the 
atrazine treatments were similar to those produced by females from the negative control 
(0 ppb), but were lower than the concentrations produced by females from the positive 
control (estradiol); however, these differences were not statistically significant (P = 0.341 
and P = 0.165, respectively) (Figure 25). Estradiol production by intersex and male 
gonads was also similar for all of the atrazine treatment groups as well as the 0 ppb and 
positive control (estradiol) (Figure 25a) (P = 0.994 and P = 0.931, respectively).
Although the concentrations of androgens produced by intersex and male gonads from 
the positive control (estradiol) were slightly higher than those produced by metamorphs 
from the control and the atrazine treatments (Figure 25b), androgen production by 
intersex and male gonads did not differ significantly among treatment groups (p = 0.836 
and P = 130, respectively).
Brain GnRH concentrations did not differ significantly among sexes (F2, g =
0.212, P = 0.814) or among atrazine treatment groups (F4j 8 = 0.478, P = 0.752). Brain 
GnRH concentrations were highest in males (19.51 pg/brain), followed by females (17.53 
pg/brain), and were lowest for intersex animals (11.93 pg/brain). Although differences 
among treatment groups were not statistically significant, brain GnRH concentrations 
appeared to be elevated in the positive control (estradiol) (24.83 pg/brain) and 2 ppb 
atrazine (23.79 pg/brain) treatment relative to the control (12.83 pg/brain), and 20 ppb 
(13.35 pg/brain) and 200 ppb (12.87 pg/brain) atrazine treatments (Figure 26).
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Discussion
Atrazine did not affect metamorphosis, survival, developmental rate, metamorph 
mass or snout-urostyle length of R. pipiens. This is consistent with the majority of 
studies, which have reported that atrazine does not affect growth or developmental rates 
of larval anurans (Allran andKarazov 2000, Hayes et al. 2002b, Carr et al. 2003, Coady 
et al. 2004, Coady et al. 2005). Metamorphs from the positive control (estradiol) were 
significantly larger than those from all of the atrazine treatments as well as the control. 
This would indicate that the effects, or lack there of, of atrazine on growth are not due to 
atrazine acting as an estrogen mimic or serving to increase estrogen levels through up 
regulation of aromatase.
Exposure to atrazine did increase the proportion of metamorphs that were female 
in the 20 ppb treatment and reduced the proportion that were male in the 200 ppb 
treatment, although neither effect was statistically significant. Although atrazine has 
been reported to demasculinize and feminize frogs, potentially leading to complete sex 
reversal (Hayes et al. 2002a, Hayes et al. 2002b, Hayes et al. 2003), when reported, sex 
ratios have not been altered by atrazine exposure (Carr et al. 2003, Coady et al. 2004). If 
the intersex animals in this experiment represent males in various stages of sex-reversal, 
then the sex ratio could ultimately be further skewed in favor of females.
Metamorphs exhibiting testicular oocytes occurred in all treatments including the 
control, and the proportion did not differ among treatments. The presence of intersex 
animals in controls has often been dismissed as resulting from contamination of the 
controls with atrazine; however, contamination has not been documented in all cases. 
Recent investigations have brought to light the possibility that X. laevis may have
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testicular oocytes as a part of normal gonadal development (Jooste et al. 2005).
Testicular oocytes were found in all treatment groups, including the control, at nearly 
equivalent rates and no contamination of the controls occurred. The number of intersex 
animals as well as the number of testicular oocytes per gonad decreased with 
age/development, indicating that testicular oocytes may reflect ontogenetic processes 
(Jooste et al. 2005). If this were the case in the present experiment, then the intersex 
animals would represent immature males, which would alter the sex ratio in favor of 
males in all except the 20 ppb atrazine treatment. Carr et al. (2003) reported a similar 
dose response in that the number of intersex animals was only increased in animals 
exposed to 25 pg/L of atrazine. Although Hayes et al. (2003) reported that control males 
never contained testicular oocytes and that this type of sex reversal was the result of 
exposure of R. pipiens to 0.1 and 25 ppb atrazine, two control males did contain testicular 
oocytes. Apparently the author excluded these animals on the basis that the oocytes were 
few in number and were degenerating (Hayes et al. 2003). If the presence of testicular 
oocytes is part of normal gonadal development in R. pipiens as it appears to be in other 
species including X. laevis, then degenerating oocytes would be expected in normally 
developing males of this species. Further, the degenerative nature of the oocytes reported 
by Hayes et al. (2003) may be indicative of these animals maturing as testicular oocytes 
reportedly diminish with age (Jooste et al. 2005).
Field-collected R. pipiens metamorphs were also found to have testicular oocytes 
in all but one site (Hayes et al. 2003). As these gonadal anomalies were similar to those 
observed following exposure to atrazine in the lab, the authors attributed the findings to 
atrazine contamination of the sites. The number of animals exhibiting testicular oocytes
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did not appear to be related to atrazine levels or reported agricultural run-off as the site 
near a com field only produced one animal with testicular oocytes whereas the site not 
associated with agricultural runoff had the highest incidence with most of the males 
exhibiting testicular oocytes (Hayes et al. 2003). The incongruencies in these results 
have been attributed to the high variability and uncontrolled nature of field studies; 
however, these results could also indicate that testicular oocytes are not the result of 
atrazine exposure and could be a natural occurrence.
As has been seen in other studies, this experiment did not demonstrate clear 
effects of atrazine on reproductive hormone concentrations. As atrazine is thought to 
increase aromatase activity, a decrease in androgens would be expected in response to 
atrazine as androgens would be converted to estrogens (Hayes et al. 2002b, Hayes 2004). 
A ten-fold decrease in plasma testosterone levels was demonstrated in adult male X  
laevis exposed to 25 pg/L atrazine (Hayes et al. 2002b). Field caught adult X. laevis also 
showed a negative correlation between plasma testosterone concentrations and levels of 
atrazine in the water (Hecker et al. 2004). Hecker et al. (2005), however, found that 
atrazine (10 and 100 pg/L) did not affect plasma hormone concentrations. In the same 
experiment, adult males X  laevis exposed to estradiol did have lower plasma testosterone 
levels, indicating that atrazine does not cause responses similar to those caused by 
estradiol (Hecker et al. 2005a). In addition, plasma estradiol levels were reduced in male 
X  laevis following exposure to l.Opg/L atrazine (Coady et al. 2005), whereas estradiol 
exposure resulted in greater plasma estradiol concentrations (Coady et al. 2005, Hecker et 
al. 2005a).
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The steroid hormone concentrations reported in the present experiment reflect the 
steroidogenic capacity of the gonads and cannot be directly compared to the previously 
mentioned studies that report plasma hormone levels. While plasma hormone levels 
reflect the state of the animal at the time of dissection, concentrations resulting from 
gonad incubations indicate changes in the ability of the gonads to produce hormones and 
are a better indicator of long-term alterations of the endocrine system. The present 
experiment did not demonstrate the expected decrease in androgens or increase in 
estrogens in response to atrazine. The only significant hormonal response was an increase 
in androgens/mass in intersex animals. Females exposed to 200 ppb atrazine also showed 
higher, though not significantly so, concentrations of estradiol. There was considerable 
variability in the hormone concentrations for all of the sexes and no concentration 
response was evident. This variability may have been due to differences in the degree of 
gonadal development among individuals or may reflect individual variation. The steroid 
hormone production by atrazine-exposed animals does not indicate profound effects of 
atrazine on the functioning of the gonads. The intersex animals produced steroid 
hormone concentrations similar to the males, indicating that despite the presence of 
oocytes these gonads were functional. Similar results were found for plasma levels of 
intersex and male wild caught Bufo marinus (cane toad) (Gross et al. 2003). In the 
presence of relatively normal male hormone production, the testicular oocytes would 
likely degenerate, a process that may drive the ontogenetic progression from intersex to 
male gonads.
The lack of an effect of atrazine exposure on gonadal steroidogenesis in this 
experiment may indicate that the reported effects of atrazine on plasma steroid hormone
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concentrations are not the result of induction of gonadal aromatase activity. Although 
changes in gonadal aromatase activity have been documented for male hatchling 
alligators following exposure to atrazine, an effect that the authors concluded would 
result in altered steroidogenesis (Crain et al. 1997), in anurans, gonad aromatase activity 
has been shown to remain unchanged following exposure to atrazine (Villeneuve et al. 
2002, Hecker et al. 2004, Hecker et al. 2005a, Hecker et al. 2005b). In addition, 
aromatase gene expression patterns in fish have been shown to change in response to 
endocrine disrupting contaminants, but exposure to atrazine did not induce changes in 
aromatase gene expression (Kazeto et al. 2004). It appears from these studies that 
atrazine may not interfere with gonadal steroidogenesis through an up-regulation of 
aromatase; however, as gonadal aromatase activity was not measured in the present 
experiment this remains speculation. Previous studies reporting effects of atrazine on 
steroid hormone concentrations have measured concentrations in plasma that are subject 
to numerous levels of regulation and feedback and represent only the conditions present 
at the time of sampling. As such, plasma hormone concentrations may be altered by 
stress associated with capture and captivity and do not necessarily reflect long-term 
changes in the endocrine system resulting from exposure to atrazine (Licht et al. 1983). 
Gonadal steroidogenesis may not, however, reflect effects of atrazine at other points in 
the hypothalamic-pituitary-gonadal axis. Although studies with rats have suggested that 
atrazine affects circulating gonadotropins and sex steroid hormone concentrations via a 
hypothalamic site of action (Cooper et al. 1999, Cooper et al. 2000), this mechanism of 
action was not apparent in the present experiment as brain GnRH concentrations did not 
differ significantly among atrazine treatments. Although brain GnRH concentrations in
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R. pipiens have been shown to be highly stable (Tsai et al. 2003, Tsai et al. 2005), GnRH 
release is subject to feedback from reproductive hormones and may be susceptible to 
endocrine disrupting contaminants. The effects of atrazine on GnRH release and the 
subsequent secretion of gonadotropins by the pituitary, however, have not been 
investigated. The endocrine disrupting capacity of atrazine and the mechanisms by 
which this disruption might occur require further investigation, as many of the complex 
interactions in the hypothalamic-pituitary-gonadal axis have not been studied.
This study provides little evidence for growth, developmental, or reproductive 
effects of atrazine on developing R. pipiens. The occurrence of intersex animals at 
similar rates in all of the treatments as well as the control suggests that an intersex phase 
may be part of the normal developmental process. Documenting the process of gonadal 
development in this and other species is crucial in discerning the true effects of atrazine 
and other endocrine disrupting contaminants on developing anurans. In addition, 
assessing the steroidogenic function as well as the histological structure of the 
reproductive system may be important for detecting subtle effects of endocrine active 
compounds. The effects of atrazine on amphibian reproductive capacity and ultimately 
its role in amphibian decline cannot even be alluded to in the absence of consistent data 
on the effects of atrazine on the reproductive and endocrine systems.
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Table 10. Results of the MANOVA and ANOVAs for growth and development of R. 
pipiens tadpoles exposed to three sub-lethal concentrations of atrazine (2, 20, 200 ppb) 










Atrazine 74.644 7.300E-02 1.662 0.026 0.480 0.983
ANOVAs
Mean Partial Observed
Source df square F P eta2 power
Asin%
metamorphosis
Atrazine 4 1.200E-01 1.156 0.351 0.137 0.316
Error 29 1.040E-01
Asin% survival
Atrazine 4 3.620E-01 1.302 0.292 0.152 0.354
Error 29 2.780E-01
Larval period




Atrazine 4 2.086E+01 7.406 <0.001 0.505 0.990
Error 29 2.817E+00
Mass fg)




Atrazine 4 5.881E-02 0.584 0.677 0.075 0.171
Error 29 1.010E-01
Asin% tail kink
Atrazine 4 3.017E-02 0.765 0.556 0.095 0.216
Error 29 3.941E-02
Asin% Female
Atrazine 4 6.090E-01 1.576 0.207 0.179 0.424
Error . 29 3.860E-01
Asin% Intersex
Atrazine. 4 3.662E-02 1.201 0.332 0.142 0.328
Error 29 3.049E-02
Asin% Male
Atrazine 4 3.710E-01 1.317 0.287 0.154 0.358
Error 29 2.820E-01
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Table 11. Results of the MANOVAs and ANOVAs for reproductive steroidogenesis and 
gonadal development of female, intersex and male R. pipiens tadpoles exposed to three 
sub-lethal concentrations of atrazine (2, 20, 200 ppb) and a positive (estradiol) and 
negative (0 ppb) control.___________________________________________________
MANOVAs
Wilks' Partial Observed
Source df lambda F P eta2 Power
FEMALES
Atrazine 20,40.749 2.970E-01 0.900 0.589 0.262 0.421
INTERSEX
Atrazine 16, 3.693 1.000E-02 0.804 0.669 0.682 0.094
MALES
Atrazine 20,30.799 2.740E-01 0.735 0.762 0.276 0.307
ANOVAs
Partial Observed
Source df Mean square F P eta2 Power
FEMALES
Gonad mass (e)
Atrazine 4 4.197E-07 0.517 0.725 0.114 0.142
Error 16 8.123E-07
Log estradiol
Atrazine 4 2.200E-02 1.219 0.341 0.234 0.296
Error 16 1.804E-02
Log androgens












Atrazine 4 1.676E-07 0.757 0.603 0.431 0.118
Error 4 2.213E-07
Los estradiol
Atrazine 4 1.407E-03 0.046 0.994 0.044 0.054
Error 4 3.051E-02
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Table 11 cont. 
Log androgens








Atrazine 4 4.888E+12 1.935 0.269 0.659 0.237
Error 4 2.526E+12
Asin PERI
Atrazine 4 3.273E-03 0.714 0.624 0.417 0.114
Error 4 4.583E-03
Asin SPG




Atrazine 4 5.200E-10 0.587 0.678 0.153 0.149
Error 13 8.862E-10
Log estradiol
Atrazine 4 5.167E-03 0.205 0.931 0.059 0.081
Error 13 2.523E-02
Log androsens








Atrazine 4 2.303E+12 2.011 0.152 0.382 0.447
Error 13 1.145E+12
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estradiol Oppb 2ppb 20ppb 200ppb
Figure 20. The proportion (1SEM) of R. pipiens tadpoles exposed to three sub-lethal 
concentrations of atrazine (2, 20, 200 ppb) and a positive (estradiol) and negative (0 ppb) 
control surviving to the time of dissection.
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estradiol Oppb 2ppb 20ppb 200ppb
Figure 21. The (a) mass and (b) snout-urostyle length (1SEM) of R. pipiens tadpoles 
exposed to three sub-lethal concentrations of atrazine (2, 20, 200 ppb) and a positive 
(estradiol) and negative (0 ppb) control. Letters denote statistically significant 
differences among atrazine treatment groups, as determined by Tukey FISD test (a  = 
0.05).
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estradio Oppb 2ppb 20ppb 200ppb
Figure 22. The proportion of R. pipiens metamorphs exposed to three sub-lethal 
concentrations of atrazine (2, 20, 200 ppb) and a positive (estradiol) and negative (0 ppb) 
control that were female, intersex (testicular oocytes), or male.
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Figure 23. The proportion of the intersex gonad comprised of oogonia (OOG) and 
spermatogonia (SPG) for R. pipiens metamorphs exposed to three sub-lethal 
concentrations of atrazine (2, 20, 200 ppb) and a positive (estradiol) and negative (o ppb) 
control.
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Female Intersex M ale
Figure 24. Estradiol and androgen concentrations (1SEM) produced by female, intersex, 
and male R. pipiens metamorphs. Letters denote statistically significant differences 
among female, intersex, and male metamorphs, as determined by Tukey HSD test (a = 
0.05).
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Figure 25. The concentrations of (a) estradiol and (b) androgens (1SEM) produced by 
female, intersex, and male R. pipiens metamorphs exposed to three sub-lethal 
concentrations of atrazine (2, 20, 200 ppb) and a positive (estradiol) and negative (0 ppb) 
control. Letters denote statistically significant differences among female, intersex, and 
male metamorphs, as determined by Tukey HSD test (a = 0.05).
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estradiol 0 ppb 2 ppb 20 ppb 200 ppb
Figure 26. Brain GnRH concentrations (1SEM) fori?, pipiens metamorphs exposed to 
three sub-lethal concentrations of atrazine (2, 20, 200 ppb) and a positive (estradiol) and 
negative (0 ppb) control.
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CONCLUSION
The increasing prevalence of xenobiotics in the environment, as well as the 
potential contamination of drinking water with these substances, have raised considerable 
concern for the potential threats to both wildlife and human health. Although the 
precipitous declines observed in some amphibian populations over the last few decades 
have not been conclusively linked to environmental contaminants, the potential for such 
impacts cannot be ignored. The available data on the alteration of reproductive 
development by exogenous hormones indicate that an increasing prevalence of 
hermaphroditic and malformed amphibians in the wild may be due to the endocrine 
disrupting capacity of many environmental contaminants. Although the malformed frog 
issue has garnered considerable attention in the popular press and in many scientific 
communities, the plethora of potential causal agents has hindered determination of the 
role of environmental contaminants in this complex issue. As such considerable research 
efforts are still needed to determine the effects of environmental contaminants on 
amphibian development. To that end the experiments in this study were designed to 
document the effects of known concentrations of contaminants under controlled 
conditions as well as provide evidence as to whether the abnormalities documented in the 
field are likely a result of exposure to contaminants present in the environment.
The in situ exposure and laboratory sediment experiment did not reproduce the 
types of external abnormalities previously documented for wild-caught amphibians at 
Great Bay NWR. The prevalence of abnormalities differed between the two experiments
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and among sites for the sediment exposure experiment. The variability encountered, 
however, was not unlike the inter-site and among year variability observed in field 
surveys at this refuge. These results, however, may reflect differences in contaminant 
levels between the two experiments or may reflect inter-species differences in 
susceptibility to environmental contaminants. Although sediments for the laboratory 
experiment were collected one year prior to the initiation of the in situ exposure, it is 
unlikely that contaminant levels in the field changed appreciably during that time as the 
contaminants found at Great Bay NWR are the result of historic use of relatively 
persistent contaminants. Water-borne contaminants and other environmental parameters 
not replicated in the laboratory experiment may also have played a role in the effects seen 
in the in situ exposure study.
Ideally these experiments would have been conducted with species found in the 
study sites to allow for direct comparison between the results of controlled exposures and 
patterns observed in the wild. The predominant species of anurans at Great Bay NWR, R. 
clamitans and R. palustris, are not well suited for experimental studies as they often over­
winter as larvae. As a result, the in situ exposure was conducted with, R. sylvatica, a 
species that is common at Great Bay NWR but is not present at the study sites. The 
laboratory experiment was conducted with R. pipiens, a species that has demonstrated 
high incidences of abnormalities in field surveys at other NWRs. The only abnormalities 
exhibited by R. sylvatica metamorphs, although frequent, were unlike those found during 
field surveys. Additionally, the etiology of these abnormalities remains unclear at this 
time. The abnormalities observed in R. pipiens, although infrequent, were similar to 
some of the less severe abnormalities observed in this species during field surveys at
140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
other locations. Again, these results may be due to species differences in responses to 
contaminants or may reflect differences in the effects of contaminants in a controlled 
laboratory setting versus under natural conditions.
Although previous work at Great Bay NWR had demonstrated a connection 
between external abnormalities and reproductive endocrine disruption, this type of 
relationship could not be demonstrated in the present studies. External abnormalities and 
gonadal abnormalities did not co-occur in any animals in the present studies and too few 
animals exhibited external abnormalities to permit statistical tests of the differences 
between normal and abnormal animals. The responses observed at Reference Beaver 
Pond, however, may indicate a connection between altered development and altered 
reproductive function. The elevated androgen levels and reduced estradiol levels in 
males at Reference Beaver Pond may also have been due to the advanced reproductive 
development at this site, which appears to be related to the age at sampling rather than 
developmental stage. It may also be that the factors influencing developmental rates at 
Reference Beaver Pond also altered reproductive development.
The subtle effects of environmental contaminants were also demonstrated in the 
laboratory experiment in which androgen levels and gonadal development in intersex and 
male R. pipiens exposed to spiked sediments decreased with increasing DDT levels. 
Overall, contaminants present at Great Bay sites appear to play a role in altered 
reproductive development for these ranid species; however, R. sylvatica does not appear 
to be as susceptible as other species. The effects of this type of altered reproductive 
development and function on reproductive success is not clear and warrants further 
investigation. Although, there has been some discussion of the role of contaminants and
141
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
external abnormalities in the decline of amphibian species, the role altered reproductive 
development and impaired reproductive function may play in amphibian declines has not 
been thoroughly explored.
In contrast to much of the recently published literature, exposure of two species of 
anurans, H. versicolor and R. pipiens, to sub-lethal levels of atrazine did not result in 
feminization or demasculinization of the anuran gonad. The present studies did not 
demonstrate clear effects of atrazine on reproductive development or function. Although 
histological examination of otherwise normal appearing testes revealed the presence of 
testicular oocytes in several of the R. pipiens examined, this could not be attributed to 
atrazine as this type of gonadal abnormality occurred at similar rates in all of the 
treatments including the control. A similar result has been obtained for several other 
species of anurans, a phenomenon that has only recently been taken to indicate that an 
intersex phase may be a part of normal gonadal development in many anurans. This 
result as well as the results of the work at Great Bay NWR indicate that the factors that 
may be controlling gonadal development including age, metamorphic processes, 
hormonal systems, and environmental factors need to be further investigated to determine 
the normal pattern and timing of gonadal development. Understanding the normal 
pattern of gonadal development is necessary to distinguish the true effects of 
environmental contaminants from normal ontogenetic processes and inter-species 
variability. A more thorough understanding of the reproductive and endocrine systems of 
anurans will provide the basis for evaluating the potential for environmental 
contaminants to act as endocrine disruptors. As amphibians may be serving as harbingers
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of grave human health problems facing society, understanding how EDCs alter 
amphibian development may have benefits far beyond preserving amphibian populations.
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The appropriate use and care of animals in your study is an ongoing process for which you hold
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2003.
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